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ABSTRACT 
Th e use of a fin e unheated wire for making s hock tube flow 
measurements is investigated. The operation of the instrument 
depends on th e transient nature of the shock tube flow. The wire is 
referred to here as a cold wire; it operates in a non-steady manner 
which is completely different from the usual hot wire oper a tion. 
This report describe s the cons truction and calibration of the cold 
wire . 
The experimental l aw for the rate of gain of heat to the wire 
1n air is determine d over a range of Mach numbers from 0. 4 to l. 9 
and a range of R eynold s nurnbers from 0. 035 to 3 , 500 based on the 
wire diame t er and th e conditions in the hot flo w following the initial 
shock wave. Similar measurements are reported for argon. The 
heat transfer measurements cover the continuum region, the slip 
and transitiona l r egions, and extend into the free-molecule flow 
region . The dimensionless results are compared with hot wire 
measurements obtained in wind tunnels and are found to differ slightly. 
A diffe r ence exists because the cold wire gains heat from the fluid 
while the hot wire loses heat to the fluid. The measurements are 
very r e peatable and self-consisl<'nt, and they indicate that th e wire 
can be us ed to give an accura: e £low measurement in the shock tube. 
Some potential applications of the wire for the study of shock-
tube flows are presented. It is concluded that the fine unheated wire 
is a versatile tool that can be used to great advantage in the shock 
tube . 
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I. INTRODUCTION 
The possibility of measuring flow velocity by measuring the 
heat loss of an electrically heated wire appears to have been first 
suggested by Kennelly (Ref. 1 ). Subsequent work by King (Ref. 2) 
theoretically predicted and experimentally verified the heat loss from 
a heated cylindrical wire. His analysis, although based on an inaccurate 
heat transfer mechanism, predicts a functional relationship between 
heat transfer and flow velocity in an inc om pres sible fluid. Largely 
through his efforts, the hot wire anemometer has become a standard 
technique for measuring mean velocities in a fluid. Using suitable 
electronic compensation to eliminate the thermal inertia of the wire, 
Dryden and Kuethe (Ref. 3) developed the measurement technique to 
the point where the hot wire could be used to measure fluctuating flow 
velocities. 
Interest 1n compressible flows has resulted in a re-examination 
of the hot wire anemometer as a flow instrument. Compressibility 
introduces additional complications (e. g., there are now three param-
eters of the flow that control wire response instead of only the velocity), 
and the effective use of the hot wire in compressible flows is a result 
of many experimenters• efforts, notable among which are the works of 
Kovasznay (Ref. 4) and Laufer and McClellan (Ref. 5). Their researches 
helped to establish an experimental law for the loss of heat from a wire 
in a compressible fluid. 
The relative word "hot" has to be defined with respect to a 
temperature. A wire is "hot" if its temperature exceeds that of the 
recovery temperature of the wire, that is, the temperature of an 
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unheated wire when it is in equilibrium with the flow. For incom-
pressible flow (M = 0), this temperature is known to be the total 
temperature of the flow (which is equal to the static temperature). 
For compressible flow, however, the recovery temperature is not 
the total temperature of the flow. Experimentally it is found that this 
temperature depends appreciably on the flow Mach number and Reynolds 
number. For a monatomic gas, for example, this temperature may 
range from Do 94 T t { T t = total temperature) to l. 25 T t depending 
on the flow conditions (see section V o 4). 
The hot wire· will run hot with respe c t to the recovery tem-
perature under all conditions of ope r ation . Hence, the heat transfer 
corresponding to th e joule h eating of the wire will always be repre-
sented as a heat loss from the wire. All experimental work with hot 
wires represents the results of heat loss from wires. 
Recently, various experimenters have used the hot wire 
anemometer in the shock tube (Refs , 6, 7, and 8) o Shock tubes are 
operated so that there is no mean flow initially and the flow field is 
established instantLtneously behind a moving shock wave. Because of 
its finite thermal lag, the wire rc sponds to this transient flow situation 
in a non-steady manner. To use the wire as a hot wire anemometer 
1n this case, the non- steady response of the wire has to be corrected 
for or be eliminated. This 1s uune by using suitable electrical com-
pensation to eliminate th e problem of thermal lag. If this correction 
is suitably accomplished, the win' operates as if it were in a steady 
flow, and the steady state t echniques and all the experimental 
information reg a rding the use of hot wire s in wind tunnels can be used. 
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Accurate compensation is difficult to accomplish when using 
the constant current hot wire since proper compensation must be 
known prior to each shot . In cases of unknown flows or where the 
shock Mach number is somewhat random, this compensation is 
impossible to accomplish with any precision, since the compensation 
depends on the flow. 
However, the main disadvantage of the hot wire is that it 
cannot be used at high shock Mach numbers because of the high total 
temperature in the flow behind the shock wave. For example, at a 
shock Mach number of only 2 in argon, the total temperature of the 
flow is 750°C. The hot wire must run at a temperature exceeding 
this value, since the recovery temperature is given approximately by 
the total temper a ture . At higher t e mpe ratures, standard hot wire 
operation is not fe asiblP because the wire would burn out. Thus, the 
hot wire can be used only at low shock speeds. Dosanjh (Ref. 6) 
limited himself to low shock speeds (M < 1. 2), and did measure 
s 
stagnation temperature and mass flow jumps across the shock wave. 
He also successfully developed the hot wire as a means of detecting 
weak shock waves for timing and triggering purposes. 
The process of he at loss frorn a wire can be reversed if the 
w1re operates in a non-steady (uncompensated) fashion. In this case, 
the wire temperature is less than the recovery temperature of the flow, 
and the heat is transferred into the wire in contrast to hot wire opera-
tion. Such a non- steady wire ope ration can exist in the transient flow 
in the shock tube. The time required for a wire to come to equilibrium 
with its surroundings is measured by its time constant (a measure of 
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the thermal lag of the wire). A wire that is operating within this 
characteristic time behaves in a non-steady fashion when exposed to 
the instantaneous flow field established in th e shock tube. The wire 
can be maintained in a non- steady operation for the whole duration of 
the hot flow if its time constant is sufficiently l a rge. 
A particularly simple case occurs when the joule heating of 
the wire is practically zero and all the heating is caused by the flow. 
Then the joule heating of the wire does not contribute or interact with 
the heat being convected to the wire, and this fact makes the signal 
output of the wire easier to interpret. A wire operating under these 
conditions will be referred to as a "cold wire". The purpose of this 
research is to investigate the experimental law governing the gain of 
heat to cold w1res over as wide a range of running conditions as 
possible and to investigate the potentialities of the wire as a shock 
tube flo w instrument. 
A photograph of the wire and its mounting is shown in Figure l. 
Figure 2 shows the silhouettes of two of the wire probes that were used 
in this investigation. The larger probe holds a 0. 0005 inch diameter 
wue while the smaller probe holds a 0. 00005 inch diameter wire. The 
probe uses only a small excit a tion current to produce a voltage signal 
across the wire. There is essentially no joule heating in the wire, and 
it practically maintains the tetnperature of its surroundings before the 
initiation of the hot flow. After the shock wave passes, the wire and 
its supports begin to heat up. This heating continues until the wire 
reaches an equilibrium temperature or until the hot flow ceases. The 
resulting change of wire t emp e ratur e produces a resistance change 
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which is conveniently read as a voltage on an os c illoscope. When the 
excitation current is adjusted so that there is no appreciable heating 
of the wire (t.T = T - T . = O(l°C.)), the resulting output signal is 
w l 
approximately 0. 25 mv/ °C. This sensitivity is representative of all 
the wires used in this investigation. 
,.~ 
The wire is assumed to be a perfect calorimeter ; that is, all 
the heat convected to the wire is stored in the wire itself. Actually 
it is not a perfect calorime t e r b ecause, after the passage of the shock 
wave, the wire supports are not at the same temperature as the wire. 
However, these support effects are non-steady in nature, and it will be 
shown that there are some conditions and certain times for which these 
effects are negligible. 
Quantitative heat transfer measurements can be made if the 
physical constants o<., p, c, and the geometrical quantities d andJ.-
are known. Thus, there are two additional physical constants (p and 
c) to evaluate when this method of measuring heat transfer is used, as 
compared to steady state measurements with a hot wire. An electrical 
calibration method is developed to evaluate them. Heat transfer 
measurements are made over a wide range of Reynolds numbers and 
Mach numbers in two test gases, air and argon. The results, obtained 
from the heat transfer measurements made just after the passage of the 
shock wave, determine an experimental heat transfer law for the gain 
of heat by a cold wire in a compressible fluid. These results, expressed 
in standard non-dimensional parameters, are compared with measure-
ments obtained with th e us e of hot wires in wind tunnels and found to 
>:.:: 
Calorimetric methods of heat transfer have been used before in 
shock tubes (Refs. 9 and 10). 
6 
differ slightly. A difference is to be expected because the cold wire 
gains heat from the fluid while the hot wire loses heat to the fluid. 
This difference depends on the flow conditions and may reduce the 
Nusselt number (s ee section V) by as much as twenty per cent from 
the corresponding value one would obtain if the wire temperature was 
nearly the recovery temperature. 
The measurements are very repeatable and self-consistent, 
and they indicate that the wire can be used to give a creditabl e flow 
measurement in th e shock tube. 
There are various possibiliti es of using the wire as an effec-
tive flow instrument. A brief critique of some of the more like l y 
uses is presented in section VI together with the pertinent features 
of the wire response. Whenever possible, the response is illustrated 
by an oscillograph of the wire under the particular circumstances. 
Emphasis is placed on the possible study of the structure of a traveling 
shock wave using the cold wire technique. 
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IL EXPERIMENTAL ARRANGEMENT 
1. Shock Tubes 
Two shock tubes were employed in making the measurements. 
A three-inch square shock tube described in Reference 11 was used 
for the higher pres sure (Reynolds numbers) air measurements. 
Physically, it remains unchanged except that the nozzle has been 
replaced by a dump chan1be r. In its pre sent condition, the leak rate 
of the low pressure section is less than 100 (Hg/min, and it can be 
evacuated to a pres sure of 500 r Hg with a high vacuum Welch Duo-Seal 
pump. Figure 3 shows the present arrangement of this shock tube. 
A two-inch round shock tube (Ref. 12) was used for the lower 
pressure measure1nents in air and for the argon measurements. Its 
vacuum integrity was much better than the square shock tube. A 
Consolidated Vacuum Corporation MCF 700-04 oil diffusion pump was 
placed directl y on the shock tube dump chamber and, with the Welch 
pump, produced an ulti1nate vacuum of approximately 0. 1 ( Hg with a 
leak rate which was less than 1 rHg/min after being under high vacuum 
for some time. 
2. Measurement of Shock Tube Initial Conditions 
The shock speed was measured in standard fashion with two 
thin film gages placed some distance apart (usually two feet). Some 
difficulty was encountered in dett:cting weak shocks at low pressures. 
The sensitivity for dctt:cting weak shocks was increased by resorting 
to higher resistance gage clements. Gage resistances of 500 ohms and 
currents of 50 ma solved the problem. The output of the gages was fed 
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through high gain amplifiers and then to a Berkeley counte r. The 
gages were wired independently except for at t enuation measurements 
where it was found n ecessary to run them in series by p ai r s . The 
shock Mach numbers that we rc measured cove red a range from 1. 25 
to approximately 6. The accuracy of t his measurement was + 0. 3 
per cent . 
The initial pressures in the expansion chamber were measured 
with an aircraft type manometer for the high pressures a nd a Wallace 
and Tiernan 0 - 50 mm Hg gage for the inte rme diat e pressure range. 
These gages were car efully calibrated with known reference volumes . 
For the low pres sure s , a McLeod gage was used for direct measure-
ment. This instrument had two pressure ranges , 0 - 5 mm Hg and 
0- 100 /Hg. The pressures that were us e d in the experiment we r e 
0. 1, 0. 5, 5, 50, and 500 mm Hg. The accuracy of the pressure 
measurements using the aircraft type manometer a nd the Wallace and 
Tiernan gage was better than 1 per cent. T he accuracy of the McLeod 
gage was only.± 4 per cent. 
Be cause of the sensitivity of the w1re to temperature variations, 
the initial (room) tempe rature was monitored. To facilitate the r educ-
0 
tion of data , this temperature was kept at 300 K + 1 p er cent for these 
measurements. 
3. Range of Shoc k Tube Operation; Limitations 
The shock tub e was operated over a wide range of running con-
ditions with two te st gases, air and argon. For convenience, the 
approximate range of some of the importa nt flow quantities for both 
gases is summarized below . 
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Air Argon 
Minimum Maximum Minimum Maximum 
M 
s 
1.3 6.5 1.5 5. 5 
Mz 0.4 2 o. 5 l. 25 
Tt 430°K 3400°K 500°K 4700°K 
Re 0.035 3500 0.055 105 
There are other considerations and limitations using the present 
shock tube setup. These will be discus sed briefly. 
(a) Randomness of M 
s 
The shock Mach number could not be 
controlled precisely(~ 20 per cent) with the present shock tubes 
because the rupturing pressure of the diaphram, determining the shock 
Mach number, could not be predetermined. Some regulation was main-
tained by using different driver gases ( N 2 and He ) and by using an 
area reduction section near the diaphram to control the lower M • 
s 
The area reduction technique (Ref. 13) proved highly successful, and 
was the only means available to achieve low M at low pressures. 
s 
(b) Shock wave attenuation: The probe was placed in the shock 
tube one foot downstream of the shock-wave-detecting gages in the 
round tube and t wo feet downstream of the shock-wave-detecting gages 
in the square tube. The shock wave attenuation in the round tube was 
measured using argon and air as test gases to see if the shock speed 
could change significantly between the measured value upstream of the 
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probe and the actual value at the probe itself. Measurements were 
made only in the smaller round tube becaus e it was felt that this shock 
tube would represent the case of the largest attenuation. From the 
results, it was concluded that, at the test section of the round tube, 
AM 
the attenuation was small since s ,...., 0. 005 where AX is measured 
M AX 
s 
in feet. The maximum change in shock Mach number is then 1/2 per 
cent for a one-foot distance . This change was neglected. In Appendix 
B the results of the attenuation measurements are given. 
(c) Decrease in testing time: Ideally, the Reynolds number 
range could have b een extended if the operating pressures (P1) could 
have been lowe red. However, the boundary layer in the shock tube acts 
as a mass-loss mechanism b e tween the contact surface and shock wave 
which appreciably shortens the flow duration at low pressures (Ref. 14). 
No heat-transfer measurements were made when the testing time was 
shorter than 50 rsec (usually the testing time was approximately 500 
f"sec). Measurements of heat transfer using helium as a test gas were 
attempted during this investigation, but becaus e of the severe decrease 
~n testing time (testing times of the order of 20 r sec) they had large 
scatter and were thought to be inconclusive. The r e for e , they are not 
pre sen ted. 
4. Construction of the Probe 
The wires can be made of practically any metal such as nickel, 
aluminum, or platinum. The maximum signal output, tensile strength, 
and commercial availability should be k e pt in mind. In the heat transfer 
investigations, platinum, a platinum- rhodium alloy, and tungsten wires 
were used with diamete rs comparable to those of hot wires - roughly 
1 1 
0. 00001 inch to 0. 001 inch (see section III. 3 for the selection of wires 
and Table 1 for the actual diameters used). These are readily avail-
able from commercial firms. Each wire gives a good signal due to a 
flow in the shock tube, but tungsten has the obvious advantage of high 
tensile strength. However, it is available only in limited sizes. 
The wire is conveniently supported by two sewing needles (or 
jeweler 1 s broaches for the smaller wires) held in a bakelite wedge 
(see Figs. 1 and 2). The wedge is attached to a side wall plug with 
electrical leads and inserted into the shock tube. For heat-transfer 
measurements, the wire is placed perpendicular to the flow and cen-
tered on the shock tube axis to minimize any shock tube boundary layer 
and wall effects. The wedge is removable from the plug for convenience 
in replacing broken wires or installing wires of different diameters. 
The electrical connections are made with the pin connectors from 
Winchester plugs such as type MRE 20S. These are gold plated and 
make good electrical contact. 
The platinum or platinum-alloy wires are directly soldered to 
the supports while tungsten must be copper plated first. In the latter 
case, a thin layer of copper is deposited on the whole length of wire 
using a copper sulphate solution. It is then soldered to the supports. 
The plating process then is reversed to leave the wire bare. Spot weld-
ing the tungsten wire to the supports is another method of attaching it 
to the needles. Some damage is done to the supports and wire with this 
method, but it is more convenie nt and requires less time than copper 
plating. Both methods result in good electrical connections. 
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The construction of the gage provided for a fairly large aspect 
ratio ( f,; d) to minimize any aerodynamic interference of the supports. 
This aspect ratio was held between 600 and 1200. For constant aspect 
ratio, the completed gage has a characteristic resistance proportional 
to the inverse of the diameter 
R 
w 
The gage resistances varied from 2 ohms to l 000 ohms at room 
temperature. 
5. ~robe Operating Conditions; Circuitry 
A Wheatstone bridge (s ee Fig. 4) measured the initial resistance 
of the gage elements and also supplied the necessary d. c. excitation 
current. It could measure any resistance between 0 - 1000 ohms to an 
accuracy of better than one per cent. 
In making the heat transfer measurements, great care was 
exercised in monitoring th e gage resistance between shock tube runs . 
If it c hanged appreciably, that is, a pproximate l y one p e r cent, from its 
resistance prior to use in the s ho c k tube, it was discarded on the basis 
that the wire calibrati on cons t ant had c h a n ge d. This did not occur ofte n. 
For example, the tungs t en wi r es have a n a m azin g durability if carefully 
built. Wires made from 0. 005 inch tungs t en have l aste d more than 
t wenty c onsecutive run s in the shock tub e a t and p 1 r-.J" 1 0 mm 
Hg. 
The wire was operated at constant c urrent as shown in Figure 4. 
The probe excitation current was moni tor ed with a precision (+ 1/ l 0 
13 
per cent) one ohm resistor and a Leeds and Northrup potentiometer. 
The excitation current was set so that difference between the initial 
temperature of the surroundings and the wire temperature was less 
0 
than 1 C. Figure 5 shows an estimate of the current necessary to 
heat a wire moderately in still air as a function of the ratio of the 
mean free path of the gas to the wire diameter. This curve was based 
on some experimental results using a 0. 0005 inch diameter tungsten 
wire heated to 10°C. in the two inch shock tubes. Dimensional analysis 
suggested the relevant parameters for a fixed test medium at moderate 
wire temperature to be 
= f(A) d 
where () is the specific resistance of the \vire material at the wire 
ope rating temperature. Included in this figure are some results 
derived from the basic heat transfer data of Billington (Ref. 7) for a 
0. 0001 inch platinum wire in still air. A few points using argon are 
included for comparison. The results, agreeing well with one another, 
indicate that the correct parame ters were chosen. 
6. Oscilloscope and Method of Obtaining Data 
The gage output was fe d to a Tektronix 535 oscilloscope with a 
53C/54D preamplifier that had a maximum sensitivity of 10- 3 v/cm. 
At this maximum sensi.tivity, the band width of the scope was 300 KC, 
but increased as the sensitivity was lowered. This band width did not 
affect the gage signals to any appreciable extent. The noise level of 
the signal was less than 100 microvolts. The scope was externally 
'· 
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triggered using one of the signals from a thin film gage in conjunction 
with a delay pulse generator. 
The wire response was photographed for each shot using a 
Polaroid L and camera, and a calibration of the oscilloscope (both 
voltage and time) was usually added to the record. The sweep speed 
and gain of the scope was adjusted so that only the initial portion of 
the wire response was filmed. This was the only portion of the wire 
response which was of interest for the heat transfer measurements. 
By doing this, maximum sensitivity was obtained, and the response 
appeared nearly linear (see section III). Under such conditions, the 
initial slope, proportional to the heat transfer rate to the wire {se e 
section III. 2), is easily read as l!.E I The over-all accuracy of 
Lltt=O· 
this portion of the measurement is one to five per cent depending on 
the magnitude of the slope. 
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III. COLD WIRE CHARACTERISTICS 
1. Cold Wire Response and Time Constants 
When a fine wire is suddenly subjected to a hot or cold flowing 
fluid, it strives to achieve th e rm a l equilibrium with the flow. The 
manner in which it does this i s th e subject of this section. 
Before discussing the nature of the cold \vire response, it is 
necessary to define a time (not the characteristic time required to 
establish equilibriun1) of th e instrument b e low w hich the transient 
response of the wire is dominated, not by the standard thermal lag of 
the wire, but by the readjustment of the flow over the wire or by a 
readjust1nent of th e temperature distribution within the wire itself. 
The response of the instrun1ent is then limite d by two characteristic 
times: (1) the characteristic time it takes to set up flow around the 
wire, and (2) th e characteristic time it takes to heat the wire uniformly 
throughout its volume. 
( l) The time requi red to establish flow over th e wi re is less 
than 10 d/U. F or a l 1nil diameter wue and a velocity equal to 1000 
ft/sec, this time is approximately l(s ec . 
(2) The effective time for penetration of a pulse of h eat is 
2 
pwcwb 
t r.J ----
k 
\V 
If b is t aken to be equal to the radius of the wire , then this charac-
teristic time is t "" 6. 4 r sec for a 1 mil platinum wire a nd 2. 8 r sec 
for a 1 mil tungs t en w1re . H ence , under rnost condition s in the shock 
tube, even those that involve testing times of the order of 100 r sec , 
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a fine wire (d ~ 0. 001") can be considered to be in steady flow and 
uniform in temperature. For smaller wires, of course, these times 
are much smaller. 
To derive the equation of the w1re response, an energy balance 
:::C 
of the wire is used . 
Heat Stored = 
Heat Produced in Interior+ Heat Convected+ Heat Conducted (1} 
(Joule Heat) (Fore ed 
Convection) 
(To Supports} 
In Appendix A, the solution of this equation is obtained · ~or a cold wire 
(I2 R ~ 0). The solution indicates that for certain conditions and times, 
the support heat losses are small and can be neglected for all practical 
purposes. In particular, the analysis shows that initially (i.e., just 
after the arrival of the shock wave) there is no heat lost to the supports. 
Therefore, for the following analysis the assumption is made that the 
wire does not have any heat conduction losses to the supports. Then 
there will be no spatial variation of temperature in the wire. For a 
cold wire, the joule heat term is zero a nd thus 
d 
-me (T - T . ) - Q d . dt w w 1 force convect1on ( 2} 
This equation can be integrated with the assumption of cons tant 1naterial 
properties and a functional dependence of Q on T w 
:>;-: 
At very low densiti es , radiation may have to be taken into account. 
Note, however, that initially there are no radiation losses for a 
.cold wire because T equals the temperature of the surroundings 
w 
before the initiation of the hot flow. 
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T T 
rrd2£ t f w 2 r I rrd 1 Pw c dT --;r- p c dT w w w w w dt = = 4 ----a- qrrd 
T. T . 0 
l l 
T 
w 
dp c I dT w w w (3) = t 4 q 
T. 
l 
For the fine wire calorimeter gage, the heat transfer q is not con-
stant since the temperature diffe rence betwe en the wire and flow 
decreases as the wire heats up. Hot wire results (Ref. 5) show that 
the Nusselt number is reasonably cons tant for fixed flow conditions 
and all heat tr ansfer rates, especially at the higher Reynolds number 
flows':'. Define 
Nu = Q 
rrk I (T - T ) ~ r w 
= 
qd 
k (T - T ) 
r w 
Substituting into e qu ation 3, we get 
T T 
r 2 r dT dp c dT d p c w w w w w w = t = -----:r- ~k (T - T ) 4Nuk T - T r w 
T. r w T. 
l l 
and 
T = T - (T - T.) e 
w r r 1 
( 4) 
The time c onstant for this idealized case is the intercept of the initial 
~( 
This assumption is actually good for small temperature jumps whe re 
the temperature loading of the wire does not change appreciably. At 
higher M , these jumps are l arge and probably affect Nu . 
s 
slope of the response with T 
r 
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This gives for the response time 
(a measure of the time for thermal adjustment of the wire), 
'G = (5) 
Typical time constants range from 0. 1 to 10 msec. Usually for the 
larger wire diameters, these times are longer than the uniform flow 
times encountered in the shock tube. The time constant of a l mil 
tungsten wire in the hot flow following the initial shock wave was 
calculated as a function of the initial pres sure and shock Mach number 
for air based on experimental heat transfer measurements and free 
molecule theory with cl... = 1 • It is shown in Figure 6. The pre-
dominant behavior noticed from the curves is the large decrease 1n 
time constant with increasing Mach number and pressure. For 
example, inc rea sing the shock Mach number from 2. to 8 at a fixed 
pres sure reduces the time constant by a factor of 10. Variations in 
diameter result in a varying time constant, and this effect can be 
estimated. It may be shown that, for Reynolds number flows greater 
than 2.0, the time constant varies as d 3 I 2., while for Reynolds numbers 
less than 0. 2., the time constant varies as d when the flow conditions 
are fixed. 
2.. Calculation of Probe Outputs 
In achieving equilibrium, a temperature rise of the wire is 
accompanied by a resistance variation of the wire; 
(6) 
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The subscript i denotes some initial conditions where the properties 
of the wire are known. If a current is passed through the wire, the 
voltage drop across it is equal to 
IR = E = IR.(l + c:<.(T - T.)) 
w 1 1 w 1 
(7) 
The variation in voltage will be .t.E • 
.t.E = .t.IR + I.t. R 
w w 
(8) 
If the voltage source has a high impedance compared to the wire , the 
current will be essentially constant. This will simplify the computa-
-·-
tions and reduction of data although it is not a necessary simplification···. 
Then 
.t.E = I.t.R = IR. O( .(T - T . ) 
w 1 1 w 1 
(9) 
A typical element made of tungsten with a diameter of 0. 0005 
inches and length of 0. 5 inches has a resistance of approximately 6 
ohms. 0 0 With I =- l 0 ma and ot . = 0. 004 I C, a voltage of 0. 24 mv I C 
1 
is obtained. This seems like a small signal, but it should be remem-
bered that large temperature differences are encountered in the shock 
):( 
Platinum-rhodium wires used in this report with a diameter of 
0. 00001 inches had an approximate resistance of 1000 ohms. 
Changes in resistance of 1000 ohms are not uncommon. The 
impedance load of the heating circuit used was 7500 ohms, and 
therefore the wire could not be operated at constant current . 
Corrections for the finite impedance voltage source have to be 
made for this case, i.e., 
.t.E :::: 
VR 
s 
(R +R.) 2 
s 1 
+ • 0 • 1 
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tube and the heat content of the wire is small. The w1re may heat up 
many hundreds of degrees during a test, resulting in a signal of many 
millivolts. 
With the voltage change depending linearl y on the temperature 
change, the wire response after the passage of the initial shock wave 
is given by a combination of equations 4 and 9. Figure 7 depicts three 
d i fferent operat ing conditions that can be encountered when u sing the 
fine wire in the shock tube , If the time constant is la r ge compared to 
the flow duration, the response 1s linear . If the flow time is l ong 
compared to the time constant, the response is exponenti al. A t suffi -
ciently long flow times, the response appears as a step function . 
The forced convection heat transfer rate to the wire is related 
to the rate of increase of temper a ture by the equation 
dT 
Q = qrrd £ V..' 
Sine e 1:::, T = ~:::,E I IR . c/.. . (constant cur rent ope ration), then 
1 1 
dpc dE 
q . 4- lR . dt 
1 
( l 0) 
Hence, the heat transfer per unit a rea is directly proportional to the 
time rate of change of the voltage across the wire . At an initial 
pressure of 50 mm Hg and M -· 
s 
4 in air, the heat transfer rate to a 
0 . 005 inch wire is 725 cal/cm2 sec ( see Fig. 15) . For the tungsten 
wire described previously, this gives a rate of voltage change equal to 
830 volts per sec. If the testing time is 40 r se-.: (t i c. =: o. 1), the 
change in voltage acrosb the wire is 33 millivolts . 
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3. Selection of Wires Used 
The wires that were chosen for the experin1ents had diameters 
less than 0. 001 inch. These wires satisfied the requirement that the 
transient response of the wire has to be dominated by the standard 
thermal lag (see section III. 1). That is, the characteristic times 
and 2 ( p c /k must always be much less than the testing times. 0 w w w 
lOd 
u 
The actual diameters that were used are summarized in Table l. These 
diameters provided a wide range of time constants and permitted testing 
over a broad range of Reynolds numbers and shock Mach numbers 
( 1. 25 < M < 6. 5) . 
s 
The wires were constructed from either tungsten, platinum, or 
platinum 10 per cent rhodium. These materials are superior to most 
other metals for maximum signal output. This is shown by considera-
tion of the voltage signal 
E = IR = IR. oi.. . T 
" " 1 1 w 
Assuming the wire to be a perfect calorimeter, 
terms of heat transfer 
With R = 
g-).. 
- 2 , we get 1Td 
4 
E IQ 2 2 (~~-) 
I ' 
... 
((}'".() 
pc w 
T can be written in 
w 
( 11) 
I, Q, and d are fixed by the gcomd r y and flow conditions. Therefore, 
for maximum E , (()'.,(..) must be a maximum. Table II lists ten 
pc w 
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* metals in their relative position with respect to this parameter • 
Tungsten, platinum, and platinUln 10 per cent rhodium are among the 
best five materials in regards tci this parameter. 
>:<The physical prope·rtie s are principally from Reference 15. 
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IV. CALIBRATION OF THE PROBE 
If the instrument is to be used for quantitative heat transfer 
measurements, the physical and geometrical properties must be known. 
If only crude heat transfer measurements are to be made, handbook 
values of physical constants and manufacturers 1 specifications on the 
geometry would be acceptable . However, if more accurate results are 
desired, individual calibration is necessary since the above method is 
good only to + 20 per cent. 
The separate quantity o( was determined by measuring the 
resistance of the wire between melting ice and boiling water. A two 
bath system was used. The W1re sample was suspended in a silicon 
oil bath in a test tube which was encased in a porous metal container. 
This apparatus was in turn put into the water bath and heated to various 
temperatures. Thermometers (readable to 0. 2°C) were used in each 
container, and equilibrium was assumed to have been reached when they 
read the same. The resistance of the sample was then read on the 
same bridge network that was used in the experiments . Two samples 
from each spool were calibrated this way, and the results were assumed 
to apply to the rest of the spool. This method was believed to give o( 
to within one or two per cent for the larger diameter wires. No attempt 
was made to calibrate the wire over a broader range of temperature 
.because the measurements of initial heat transfer involve w1re tempera-
ture less than l00°C. The higher order coefficients in the resistance-
temperature relation were not needed. In most cases, the measured o( 
was considerably lower than that quoted in handbooks. 
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An optical compara t o r (Koda k contou r projector mod el 2A ) 
w as used to d eterrnine the length of the wire used on the g a ge . This 
w as done to goo d precision (.:!:_ 0. 1 per cent) and, at the same time, 
made pos s1ble a c lo se inspection of the wire itself. Wires that showed 
defects or non-uniformiti es were discarded before the calibration was 
continued. 
The d i am e ter of the wire is a most important quantity in the 
measureme nt of heat transfer because it enters as a squared quantity 
in the reduction of the data . At first the diameter was measured 
optically on a 6 0 0 x microscope that had a high precision calibrated 
moving crosshair eyepiece . Optical diffraction was a problem in 
measuring the smaller diameters (less than 0 . 001 inch). Using diam-
eters from the optical measurements, it was not possible to obtain 
heat transfer results that showed consistency between small and large 
diameters, and it was concluded that ordinary optical means could not 
be used to measure wire diameters less than 1 mil. 
The refore , an attempt was made to infer the diameter of the 
wires by weighing them. A quartz fiber torsional balance (Ref. 16) 
was used to weigh samples of the wires. This balance is extremely 
simple, very stable, and sensitive. This balance is the original one 
illustrated in Reference 16. It has a sensitivity of 0 . 123 rgm/division. 
Suitable lengths were chosen to give the desired accuracy in weighing . 
At least two samples from each spool were chosen. The density was 
assumed to be that given in the handbooks . With the length, weight, 
a nd density known, the diameter was calculated. The results of these 
samples were a p p li e d to the rest of the wire still on the spool. The 
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resistance per unit length of each e lement was measured after com-
pletion of the probe, and, if it differed from the average resistance 
per unit length by more than a few per cent, it was discarded. In this 
way it was felt that the samples used in determining the wire diameter 
were adequate. Table I indicates the averaged calibration results. 
There was a limitation in the weighing of the wires. This 
limitation was due to free convection currents set up inside the appa-
ratus resulting in low Reynolds number flow over the wire. Convection 
currents, even as small as 10- 2 em/ sec, can cause drag forces com-
parable to the weight of the very small wires. Lengthening the wire 
sample to increase its weight accomplishes nothing since the drag 
force is proportional to the length. This limitation was apparently 
reached at a wire diameter of l I 20 mil since the drift was appreciable 
here, even though the balance was encased in a glass box to minimize 
':: 
the currents • It was not possible to evacuate it. A cool (fluorescent) 
light was used to minimize thermal currents . Sufficient time elapsed 
between measurements to allow the convection currents to subside 
(C!-pproximately 15 minutes). The diameter, as determined by the 
weighing technique, was used for the reduction of the heat transfer data 
since this gave the most consistent results. 
The last constant to check is the combination pc 1n case we 
can assume p to be the handbook value, the problem is reduced to a 
determination of c . An electrical rneans of calibration was chosen 
because it is fast, convenient, and acc urate and offers the convenience 
---;r.-
,. Wire diameters smaller than this require a bootstrap technique of 
overlapping the experimental heat transfer rates to infer the diam-
eter. No heat transfer measurements were made using wires that 
had a diameter less than 1/20 mil. 
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of easily checking the physical constants between shock tube runs. 
The method is to use a known heat input (by joule heating), measure 
the gage output and thereby determine the quantity pc . 
A constant voltage discharge was obtained by utilizing a capaci-
tor in a network that would give a time constant {RC the order of l 0 
msec) that was much longer than the testing time. A Wheatstone bridge 
was utilized for the circuit (Ref. 11). It was necessary to resort to a 
balanced bridge network in order to eliminate the d. c . component of 
the resulting network signal, so that only the a. c. component is dis-
played on the oscilloscope. The circuit and its characteristics are 
displayed in Figures 8 and 9. Stable (small temperature coefficient) 
resistors must be used for the bridge arms so that the only signal 
comes from the changes in gage resistance. When possible, the cali -
bration was done in air under atmospheric conditions . With the 
assumption of no end losses to the supports and no heat conduction to 
the surrounding fluid, the equation that governs the response becomes: 
d 
-d me (T - T.) t w w 1 (12) 
The assumption of no heat conduction to the surrounding medium is 
weak. The heat loss to the surrounding fluid is a strong function of 
time and diameter. In Appendix A an attempt is made to evaluate this 
assumption. When necessary the calibration was carried out in a 
vacuum. 
The heating current I is given by 
I = v ( 13) 
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where R is the actual resistance of the gage at any time. The 
w 
bridge discharge current (equation 13) was experimentally verified. 
Substituting into equation 12 gives: 
V 2 R.(l +a(.(T - T.)1 
1 1 vv 1 
= ( 14a) 
(R + R . } l + 1 1 w 1 2l R.at.(T - T.)\ 2 1 R2 + Ri 
If .( ~ T << 1 (small times), the right side of the equation can be 
expanded: 
+ .. ·\ (14b} 
The solution of this equation with the initial conditions T = T. at 
w 1 
t = 0 gives for small times 
or 
T 
w 
~R = 
T. = 
1 2j 2 
'lTd p c (R2 + R.) vv vv 1 
+ ••. ( 15a) 
( 15b) 
The voltage output ~E of the bridge due to the heating of the 
wire can be shown to be 
~E = (16) 
In the derivation of this equation, both the changing current and 
resistance in the bridge have been taken into account. This gives 
28 
~' for pc 
2 2 V R 2 R. o<.. t 1 1 ( 1 7) 
Figure 9 shows that, for small testing times, the response is indeed a 
straight line. 
The technique will also give an effective measure of this con-
stant for wires made of composite materials (e. g., enamel coated ·· · , 
wires). 
Care was taken in measuring the volumes, resistances, and 
voltages as accurately as the present equipment permitted. The 
voltages were measured by two methods: (1) a 1/4 per cent, 150 volt, 
d. c. Weston meter for the larger voltages, and (2) for the smaller 
voltages, a potentiometer measured the voltage drop across a l ohm 
precision resistor wired in series with the helipot. The resistance 
:::::: 
Caution should be used with the electrical discharge technique. The 
energy produced and stored in the wire rnust not raise the tempera-
ture of the wire more than a few hundred degrees in order not to 
burn the wire out. The voltage used for calibration must be varied 
accordingly. In most cases a resistor in series or parallel with the 
wire is needed to balance the bridge. This resistor complicates the 
formula for pc. For convenience, the corresponding equations are 
mentioned here. 
Series Resistance in Circuit (R ) 
s 
Parallel Resistance 
3 2 V R 2 R. o(.t 1 1 
in Circuit (R ) p 
3 4 2 V R R 2 R. o(..t p 1 1 
nd 21 4 
- 4- (R 2 R + R. R + R. R 2) E p 1 p 1 
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of the circuit was known to h igh precision, and O hm 1 s l aw was used to 
calculate th e battery voltage. It is felt that the over-all calibration · 
was better than fiv e p er cent. The calibra tion of each gage was repeat-
able to one per cent. The average values of many samples of wires 
are shown in Table I along with th e othe r wire prope rti es. The vari-
ances of p c of each gage were on the order of one to thr ee per cent of 
the average value. It is felt that most of this variation of pc actually 
represents the variation of the other physical and geometrical properties 
of the wire , since these were determined b y spool values rather than 
individual calibrations. The results show that the quantity pc increases 
appreciably with a decrease in the diameter . No explanation of this 
can be presented a t this time. 
2 ~ 
o£ 
The calibration actually gives the lumped quantity This 
quantity also appears in the definition of the Nusselt number. Thus, 
even if the individual quantities were in error, this over - all constant 
as given by the electrical calibration would s till be correct. (The wire 
length, voltages, and resistances used in the calib r a tion are assumed 
to be accurately measured.) 
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V, HEAT TRANSFER MEASUREMENTS 
l. Raw Results 
From dimensional arguments it can be shown that the heat 
transfer rate to the wire expressed in energy per unit area per unit 
time can be written (Ref. 17) 
k(T - T ) 
q = __ r d_::!!._ f(Re, M, '(, Pr, (:1, /..;d, .•• ) ( 18a) 
If the flow in the shock tube is in equilibrium (or completely frozen), 
the flow behind the shock wave can be simply determined from M , 
s 
P 1 , and T 1 , given the test gas. The heat transfer rate can then be 
written in terms of these quantities. It depends only on three groups 
of variables: ( 1) the gas variables ('{, Pr, • .. ) , (2) the wue variables 
such as d, I; d, T (not the wire properties p, c,o(. ), and (3) the shock 
w 
tube variables, Ms, T 1 , and P 1 . 
The measurements and reduced data presented herein repre-
sent heat transfer rates measured at the initial moment when the wire 
temperature equals the initial temperature. As shown by the calcula -
tions in Appendix A, there is no heat loss to the end supports at this 
moment, and the effect of f.Jd is neglected in correlating the results. 
The tabulated results of heat gain ( q) are presented in Tables III and 
IV. The results are grouped according to the variables prese nted 
above for ease of interpreting and correlating them. 
Figures 14 to 17 show the heat transfer measurements that 
were made in air. (Argon measurements are not presented in any 
figures, but are just tabulated.) The figures are just the pictorial 
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representation of the tabulated results for air. In this presentation 
of the data it is seen that the heat transfer rate (q) depends strongly 
on the shock Mach number. If it is assumed that the heat transfer is 
proportional to Mn 
s 
(fixed P 1 and T 1 ), n is approximate! y 4. If 
the dependency of heat transfer on initial pressure is assumed to be 
P 1m (fixed Ms and T 1 ), m is approximately 1/2 to l. The depend-
ency of heat transfer on the initial pressure is weak compared to the 
shock Mach number. The experimental results show excellent repeat-
ability and consistency; the scatter is small. The sum of all the heat 
transfer measurements in air (Figs . 14 to 17) entailed the use of 15 to 
20 different wires and materials, but the scatter is well within the 
bounds of any calibration error, i.e., .2:_ 5 per cent. The calibration 
technique gives consistent results. However, the scatter is appreciably 
increased at the lower pressures. This is predominantly due to the 
dec rea sed testing time influencing the flow following the shock wave 
and the inability to read the McLeod gage accurately (see section II. 2). 
These figures were cross plotted in order to present the syste-
matic variation of the non-dimensionalized variables. This procedure 
will be explained 1nore fully in section V. 4. 
2. Dimensionless Parameters Used in Data Reduction 
From dimensional arguments the heat transfer, expressed in 
terms of the Nusse1t number, depends on the following parameters: 
Nu = Nu(Re,M,Pr,y,'[ 1 , ••• ) ( l8b) 
The heat transfer measurements have been reduced to the above form. 
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The parameters involved in the preceding equation were chosen 
to be expressed in terms of conditions 1n region 2 or region 5, depend-
ing on the flow Mach number in region 2. Region 2 is the hot flow 
following the moving shock wave . This flow may be subsonic or super -
sonic depending on shock tube operating conditions , e . g . , the flow 
Mach number is supersonic at M )' 2. 1 and subsonic at M c:_ 2. 1 
s s 
for air. If a blunt body is placed in the supersonic stream, a detached 
bow- shock wave is established in front of the body. At the stagnation 
region of the body this bow wave is nearly normal to the flow, and the 
conditions immediately behind this portion of the wave are determined 
by normal shock relations. Region 5 refers to these conditions. For 
there 1 s no normal bow shock on the model, and the par am-
eters are expressed in terms of the free s t ream conditions 2 . For 
M 2 ) 1 the parameters are expressed in terms of region 5. At high 
Mach numbers it will be shown that such a procedure helps to minimize 
the Mach number effect on the non-dimensionalized form of the heat 
transfer coefficient. The use of the flow condition behind a normal 
shock for M 2 ::> to reduce the Mach-number dependence of the 
Nus selt number was clear! y demonstrated by Laufe.r and Me Clellan 
(Ref. 5). It should be noted that such a procedure may lose some of 
its physical significance at the large Knudsen numbers (say Kn 2 > l 
because the shock w ave begins to merge with the body. At the limit of 
large Knudsen numbers, no "real" shock wave exists at all. Howe v e r , 
this procedure is used even for the larger Knud::,en numbers since it 
gives consistent correlations. 
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In summary, the following definitions are used to represent 
the reduced data. 
Subsonic Case 
Nu 2 = Nu 2 (Re 2 , M 2 , '1: 
1
, ... ) 
qd (pu) 2 d u2 Nu2 Re 2 M2 = k 2 (T - T ) 
= ---- = --
rz a2 r w 
Supersonic Case 
Nus = Nus(Res, Ms, 't" 1, ••• ) 
qd (pu) 2 d us 
Nus Res Ms = : = --kS(T - T ) 
rs 
as r w 
3. Temperature Loading 
The wire temperature loading has been defined as 
'C I = 
T -T 
w r 
T 
r 
T - T 
1:1 
w 
= T 
r 
T - T 
't' 
w 
= T 
r 
( l 9) 
This definition is the one that was used by Laufer and McClellan. In 
hot wire work this temperature loading is positive and usually ranges 
from 0 to + l. (The upper limit l is based on practical limitations.) 
For 7: 1 equal to zero, the temperature of the wire is equal to the 
recovery temperature, while for a value of one the wire temperature 
is twice that of the recovery temperature. 
r 
r 
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The same definition was used for these measurements in order 
to retain a standard definition. For the cold wire case, z: 1 is nega-
tive and may vary from 0 to - l. Minus one represents a limit in 
cold wire operation for which a wire is infinitely cold with respect to 
the flow (T ~<. T ) . The heat transfer measurements cover a range 
w r 
of '"C 1 from approximately - 0. 15 to - 0. 95. 
Because of the definition of 't 1 , the magnitudes of the cold 
wire temperature loading and the hot wire temperature loading are 
comparable. However, the actual temperature differences between 
th e wire and the flow are not comparabl e. For many wind tunnel oper-
ations T (approximately equal to the total temperature) is nearly 
r 
300°K, and the maximum temperature difference between the flow and 
the wire (i. e., 1: 1 = 1) is only 300°K. For a cold wire a t a tempera-
ture loading of - 0. 95 with the wire operating at 300°K (the wire 
temperature used for the measurements ), this temperature difference 
is 5700°K! This tremendous range of the temperature difference makes 
the specification of the temperature loading parameter very important 
in the reduction of the shock tube data. 
4. Basic Considerations for Data Reduction 
The problems that are encountered in reducing the heat transfer 
measurements to non-dimensional form can be classified into three 
groups and are discus sed separately: ( 1) problems which are as so-
ciated with the actual gas properties behind the shock wave; (2) thermo-
dynamic properties that cannot be measured or calculated, but have to 
be inferred from data gleaned from other sources; ( 3) problems which 
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are due to the randomness of data taking because of the inherent 
r andomne s s of M 
s 
The first problem is most critical and centers primarily on 
the validity of the assumption of thermodynamic equilibrium behind 
shock waves when calculating the flow conditions . Under certain 
conditions in the shock tube, thermodynamic equilibrium will not be 
reached because of the finite length of time taken for a gas to reach 
equilibrium, both in composition and distribution of energy between 
the various degrees of freedom of its constituents . At high gas tem-
peratures more and more of these degrees of freedom are excited 
(vibration - dissociation --first ionization, etc.). The shock Mach 
number was deliberately kept low for these measurements so that 
dissociation and ionization were not present. However, for air the 
vibration degree of freedom begins to be excited above 300°K (e ,.w 
v 
3000°K), and the effects could not be avoided. Blackman (Ref. 18) 
has made measurements of the vibrational relaxation time in N 2 
and 0 2 in the shock tube. The results show that the relaxation time 
can be greater than, less than, or equal to the testing time in the 
shock tube, depending on P 1 , Ms, and T 1 • The following table 
shows the vibrational relaxation times for air based on the results 
of Reference 18. The relaxation times are given in the laboratory 
frame of reference. (This is not the relaxation time along particle 
paths.) Included in the table is the corresponding ranges of test 
intervals, i.e., the time intervals over which the heat transfer 
measurements were made. 
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pl 500 50 5 o. 5 0. l 
M t T t T t T t T t T 
s 
3 3 20 30 40-200 300 40-200 
4 4 30-200 40 30-200 400 50-200 
5 9 20-150 90 50-120 450 25 
6 20 50-90 100 20 
t = vibration relaxation time in laboratory coordinates (fsec ) 
T = approximate range of test intervals used for the heat transfer 
measurements (f sec) 
The effects of vibration on the thermodynamic quantities b ecome 
significant at M rv 3 for air. In the reduction of the heat transfer 
s 
data, only two extremes of the effect of vibration were considered, a 
completely frozen flow and a flow in complete equilibrium. If the flow 
in region 2 was not in equilibrium, i.e ., if the test interval was short 
compared to the relaxation time for air, then all flow quantities includ-
ing the transport properties were cal culated from frozen flow relations. 
Fully frozen flow occurred only at an initial pressure of 0. 1 mm Hg 
for the measurements. If the flow in region 2 was in equilibrium, then 
the flow quantities were calcul ated on this b asis . Further complications 
arise when calculating the gas properties in regions 5 and the stagna-
tion point of the model. Since the distance b etween the shock and the 
body is of the order of a body length (d) which is extremely small, 
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it is unlikely that the flow ever readjusts to equilibrium here. The 
flow properties behind the bow wave were calculated on the basis of 
thermodynamic equilibrium if the flow in region 2 was in equilibrium. 
A sample calculation showed that the differences between equilibrium 
and frozen flows in this region were small for the flow Mach numbers 
encountered. 
The Sutherland formula was used to calculate the viscosity 
coefficient for all the temperatures encountered in making the heat 
transfer measurements. 
r= 
AT3/2 
B+T 
With r in poises and T 1n degrees Kelvin, the constants were taken 
as 
Air 
Argon 
A 
-7 l45.8x10 
-7 191. Ox lO 
B 
11 o. 4 
136.6 
Using these values of viscosity, Reynolds numbers were calculated as 
a function of M for regions 2 and 5 for the various test gases using 
s 
real gas relations. For air the calculations also include the effects 
of fully frozen and equilibrium flow. The results, plotted for any wire 
diameter and initial pressure Re (dP ) , are shown in Figures 10 and 11. 
l 
The other transport coefficient used in non-dimensionalizing the 
results is the thermal conductivity. Since the effects of dissociation 
:::::: 
Where possible, the NBS tables Cir 564 (Ref. 19) were used to 
determine the constants; otherwise, the American Physics Handbook 
(Ref. 15) was used. 
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and ionization on the state properties of the gas were considered 
negligible, the formulas for predicting the conductivity at the lower 
temperatures were extended to include the whole temperature range 
encountered in the shock tube. For air in equilibrium the conductivity 
is 
k = 
For argon it is 
k = 
0.6325xl0-S T 312 
245.4xlO-lZ/T + T 
0. 379x 10-S T 3 /Z 
179. 6x 10-lO/T + T 
The dimensions of k are cal/ em sec °K. Appendix B indicates how 
the transport properties were calculated in the case of frozen flow. 
The definition of Nusselt number introduces a temperature 
difference defined as 
T T = D.T 
r w 
T is called the recovery temperature and is the temperature that 
r 
an unheated wire will achieve in equilibrium with the flow. Generally, 
this temperature does not equal the stagnation temperature for a w1re 
except at M = 0. It is usually determined by experiment. In the 
shock tube this determination is impossible since the wires seldom 
have time to reach equilibrium. (If they did, they would burn out at 
high M ·.) The only recourse is to use the experimental results for 
s 
the recovery temperature from wind tunnel experiments with fine 
wires. Except for the transitional region (0. l <. Kn <... 1), this data 
is comprehensive for air. Collis and Williams (Ref. 20) have compiled 
the results of many experimentalists into a universal curve of the 
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recoverr temperature ratio in air as a fun c tion of Mach number and 
Knuds e n number. The l ates t mc<1su r 0 ments of D ewey (Re f. 21) agree 
well with the curve, and these compiled data and this cu rve we re 
used to infer the re cove r y temperature of the wire in air . This curve 
was assumed to be valid even in the case w her e y f l. 4, i.e., high 
temperatures . Changing the specific he a t r atio slightly has a small 
effect on the r ec ove r y temperature for air . The maxtmum change in 
T r/T t can be estitnated by using th e theory of fre e molecule flow. 
as M -., co 
L4 , - l. 165 
y l. 29 , ..:: 1.13 
Th1s is mos t hkely the largest change possible for this c h ange in y . 
There is only thr ee per cent differe nc e, a nd thf'refo re the assumption 
seems valid . The form chosen for T r/Tt is illustrated i n Figure 12 
as a function of :Mach number and Knuds en number in region 2. 
The rec overy temperatu r e for a r gon 1s plotted 1n Figu re 13 . 
The experimental measurements of T /T are fewer in number and 
r t 
scope for argon . The cur" es in Figure 13 had to be constructe d from 
the recovery temperature mcasun•me nts in <1ir, t h eory, and some 
experimental results from Weltntann and Kuhn s (Ref. 22). The con-
struction of the graph predicting the recovery ratio as a function of 
M
2 
and Kn
2 
proceeded as follows. The continuum value (Kn = 0) 
of the recovery ratio was dete rnlint•d frorrt the recovery t emperature 
measurements made in air. It can be shown that the rccove ry 
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temperature of a flat plate is a function onl y of the square root of the 
Prandtl number for a laminar boundary layer. This fact is borne out 
by experiment, including a \vide variety of experiments on cones of 
various included angles (Ref. 23). The Prandtl number of air is very 
similar to that of a rgon . It was therefore concluded that the recovery 
ratio of argon has the samd value as air at equal Mach numbers, and 
the recovery temperature ratio of air was used for argon in the con-
tinuum range . The free molecule (Kn = oo) recovery temperature 
ratio \\'as determined by using the theory of Stalder et al (Ref. 24) for 
a monatomic gas (y = l. 66) and plotted accordingl y . The high Mach 
number transitional values of the recovery ratio were determined 
from the results of Weltmann and Kuhns, These exp eriment al points 
were used to infer all the tr a nsitional region recovery temperature 
ratios . The remaining lines 1n this figure were drawn from these 
points . 
As previously mentioned, the heat transfer expressed in terms 
of the Nusselt number depends on th e following parameters: 
Nu :.: Nu (Re, M, Pr, y, 'L '• ... ) ( 18b) 
The only possible way to derive the functional relationship of the 
Nusselt number with a parameter is to vary the parameter while the 
rest remain fixed. However, this is practically impossible to do 
directly in th e shock tube since they are all interrelated and depend 
on Ms, P 1 , a nd T 1 • (The shock speed is somewhat random; see 
section II. 3.) Because the Mach number c ould not b e fix e d accurately 
prior to each measurement, it was necess a ry to plot the initial heat 
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transfer results as a function of M , as in Figures 14 to 17, while 
s 
the other variables rc1nainL'd fixed. The result1ng curves were in turn 
cross plotted at fixed valuc·s of the non-dimensiona l parameters. This 
done, t he resulting points can 1n turn be plotted in a more standard 
fashion, i . c . , equation l 8b, 
The cross plotting was chosen arbitraril y so as to present the 
Reynolds number as a variable and the flow Mac h number as a param-
cter in the final results, Therefore, the cross plotted heat transfer 
1neasurements repn, sent 1neasurements at fixed shock Mach numbers . 
The following table indicates the values of M 
s 
chosen to be used in 
the final results. The flow M a ,_h number is also included . 
Air Argon 
--- -- ---------------- --------------
M \12. M M2 s s 
- --- - ------ - ----
1, 29 0 . 4 l. 49 0. 5 
l. 15 o. 8 2. , 02. o. 8 
2.44 l.2. 2.67 1.0 
3.28 1.5 4. 3 LZ 
4. 16 l. 7 5 > 18 l. 25 
5, H.esults for Air and Compan_, on v\·ith Hot W1re Data 
ln this section the non-din1ens i ona l heat transfer results are 
con1pared to other experime ntal a nd t h eoretical determinations of the 
"0russclt number as a funct i on of the flo,\· p a r a ;ncter s, Before 
4-2 
describing the present results for air, a consideration of the available 
data is useful as a guide for comparison . Figure 18 is a graphical 
presentation of this data. 
The very low Mach number results were placed on the figure 
to indicate the upper boundary of the Nusselt number-Reynolds number 
curve. The contributions of Cole and Roshko (Ref. 25), Collis and 
Williams (Ref. 26), King (Re f. 2), and the McAdams correlation (Ref. 
27) represent the non-dimensiona l heat-transfer law at M :;; 0 and a 
temperature loading of zero. As indicated by the figure, the theoreti-
cal results of King are conside rably higher than the experimental 
results. 
The experimental results of Kovasznay, and L a ufer and 
McClellan are representative of the high Mach number, high Reynolds 
number range. They do not agree well with one another. The results 
of Laufer and McClellan are plotted for two temperature loadings, i.e., 
a t emp erature loading of zero and a temperature loading of one in 
terms of the pre sent terminology. These two curves indicate the 
general trend of the effect of temperature loading on the Nusselt number 
for a hot wire in this Mac h nu1nber and Reynolds number range. The 
apparent effects of temperature loading on the Nusselt number are 
less pronounced at the high Reynolds numbers than at the lower 
R eynolds numbers. The Nusselt number is lowered as the temperature 
loading is increased for M ) 0 and fixed Reynolds number. 
Some experimental results of Tewfik and Giedt (Ref. 28) are 
also included in the figure. In their experiment, local heat transfer 
measurements were taken on a rathe'r large diameter pyrex tube 
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(0. 5 inch) in a low density wind tunnel. The model was continually 
cooled by flowing liquid nitrogen or butyl cellusolve through it. The 
heat transfer was inferred by measuring the temperature difference 
between the outer and inner circumference of the tube. The local 
heat transfer distribution was integrated around the model to deter-
mine the average Nusselt number. It is these results that are plotted 
here. It should be noticed that in the experiment the model was cold 
with respect to the flow. The Nusselt numbers are lower than for 
the corresponding hot wire results . The experimental error for this 
experiment is estimated to be .±_ 15 per cent. 
In the lower Reynolds number range the hot w1re heat transfer 
results of Cybulski and Baldwin (Ref. 29) at subsonic Mach numbers 
and those of Dewey at a Mach number of 5. 8 are presented. The data 
of Dewey at a Reynolds number range from 0. 6 to 3 agree very well 
with the work of Laufer and McClellan at -z: 1 = 0. 
The free molecule analysis of Stalder et al provides a theoreti-
cal estimate of the heat transfer from a fine wire. For a wire of 
constant temperature and no radiation losses, the formulas are simply 
Nu 
and 
--
1
- d.. Re Pr g( s) 
2rr3/2 s 
T r f( s) 
T
2 
·- g(s) 
where g (s) and f(s) are functions of the molecular speed ratio 
(s :: '[f M) and are given in Reference 24. The analysis predicts 
the heat transfer relationship as a function of the flow quantities, but 
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involves an accommodation coefficient o( (assumed to be a constant 
in the analysis) which takes into account the gross effects of the energy 
exchange mechanism bet\\'een the gas and the body. As ye t this 
accomrnodation coefficient rernains practically undetermined, both 
experimentally and theoretically. Considerable variation among heat 
transfer r esults obtained under different conditions may be expected 
because of the inability to fix this coefficient . The free molecule 
analysis of Stalder et al with an accommodation coefficient of one is 
plotted m the Reynolds number range where it is approximately appli -
cable. Some expenmental results of Weltmann and Kuhns are shown 
also. Their results indicate an accommodation coefficient of 0. 9 . 
Th e experimental error appears to be .±_ 20 per cent , 
Some approximate calculations of the heat transfer to a cylinder 
in nearly free 1nolecule flow were made on the basis of Willis' work 
(Ref. 30). By assuming that the accommodation coefficient is one and 
that the molecular model of Krook employed by Willis is the correct 
physical model, an approximate variation of heat transfer with Reynolds 
number and Mach number was obtained and plotted in Figure 18 for 
M 2 :::. l , 5. (See Appendix B for calculations . ) Such a calculation is 
useful to show the effects of ne arly free molecule flow on heat transfer. 
The result g1ves an extrem<:'ly small correction in the range plotted 
and shows the typical asymptotic: behavior of the heat transfer from 
f ree molecule results. 
The non-dimensiona l heat transfer results for a1r obtained in 
the present experiment ar l' ~ hO'-\·n in Fi gu re 19. The points that are 
plotted are not the experin1ental points, but are the c ross plotted values 
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from Figures 14 to 17. The results show a systematic Mach number 
and Reynolds number variation over the entire flow region that was 
plotted, 0. 0 3 5 '- R e '-. 3 50 0 , 0 . 4 ~ M 2 <. 1 • 9 . The scat t e r i s + 5 
per cent which is small for this type of work . In the high Reynolds 
number range (Re )> 20 ) the results have a nearly {'Re behavior 
characteristic of boundary layer theory . At Reynolds numbers less 
than 0 . 1 the heat transfer results exemplify the behavior predicted by 
free molecule theor y . Between these two limits, sometimes called 
slip and transitional flow, the functional relationship of the heat 
transfer parameter can be represented by 
l 
where z < n <. l 
The results exhibit no apparent Mach number dependency 
above a Mach number of l, 5, The heat transfer results above this 
Ma c h number merged together when the transport coefficients were 
evaluated at conditions b ehind the bow shock, at least to the accuracy 
of the experiment. It should be noticed that along lines of constant 
M 2 , i.e . , constant Ms, the wi re is also a t a temperature loading T - T T. - T ( -c.' = _:!!.._ __ r ., _ 1 ___ __::) which 1s not zero. The temperature 
T T 
r r 
loading depends primarily on M . At M = 1. 29 this factor is 
s s 
small and approximate! y equal to - 0. 18 • At the highest value of M 
s 
this factor approaches - l . The opening statement of this paragraph 
can now be made more specific by including the effec ts of tempera-
ture loading. The results show no combine d Mach number and 
temperature loading effec ts above a flo \v Mach number of l. 5. At 
these values of M 2 the principal independent parameter is the 
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Reynolds number. At lower values of M 2 the effects of M ach number 
on heat tr a nsfer arc pronounced. 
Comparing the available results with the present wo rk, Figures 
18 and 19 respective l y , i t is noticed t hat in the high Reynolds number 
(Re > 100), hi g h M ac h number ( M > l. 2) range the present results 
are l O\.\ e r than the hot w ire data of Laufer and M c Clellan ( t:' = 0) by 
20 per cent. In the sa1ne Reynolds number range but at lower Mach 
number , t he results also appear low e r than hot wire data (~ ' = 0). 
However, th e diffe rence between hot wire results ( z.' = 0) and cold 
wire re~ults seem~ to b e larger at the higher M 2 • 
The r esults of Tewfik and Giedt ( z-' :/:. 0, M ') 1. 2) agree 
more closely with the present work . In order to supplement and c h eck 
the integrated values of the local heat tr ansfer rates, some platinum 
sputter e d glass rod elements ·were made and t es t ed in the shock tube . 
The sputtered e l ement was then used as a thin film heat transfer gage 
(Ref. 11) . The e l ements were sputte red uniformly around the circum-
f e renc e of the rod . The vol t age output of the gage then represents the 
total heat transfer to the rod. Therefore, th ese elements simulated 
a wire. (Note that th e internal temperature is not uniform as in the 
case of a metal wi re . ) 
Some results of six runs us1ng a rod of di ame ter 0 . 277 em a re 
shown in Figure 19, together with the col d w1re results. The d a ta 
accrued fran• this technique were crude in comp a ri son to th e cold w1re 
data (probably no better than .±. 10 per cent). F igure 20 c ompares the 
r esponse of the thin filrn gage with that of a cold y;ire . The response 
of the thin film gage does not reproduce the ideal parabolic res pons e 
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well and indicates why these heat transfer results could not be 
repeated to better than 10 per cent. However, the results (i.e •• the 
magnitude of Nu at a given Re and M ) agree with those of Tewfik 
and Giedt (to an accuracy of + 10 per cent) and compare with the 
cold wire results. 
In the range 0. 6 ~ Re ~ 100. the high M 2 results begin to 
approach the results of Laufer and McClellan and Dewey at z 1 = 0. 
The results of Dewey differ by only a few per cent from the results 
obtained in the shock tube. 
At the very lowest Reynolds numbers, the present data (Fig. 
19) approach the theoretical solution of Stalder et al with an accommo-
dation coefficient of nearly l. The minimum Reynolds number results 
in Figure 19 represent frozen flow heat transfer data normalized using 
the conditions set forth in section V. 4. The flow Mach number for 
these results was lower than the corresponding equilibrium flow Mach 
number {M2 -::::- 1. 7, 
equilibrium 
M 2 ~ 1. 5). frozen 
6. Results for Argon 
The argon measurements are shown in Figure 21. Qualitatively 
they appear similar to the air measurements and cover a Reynolds 
number range of 0. 1 ~ Re <:: 100 and a Mach number range of 0. 5 < 
M
2 
~ l. 25. Again the main independent parameter is the Reynolds 
number with the flow Mach number and temperature loading of the wire 
playing a secondary role. 
At high Reynolds numbers the heat transfer coefficient exhibits 
no Mach number dependency above a Mach number of 1. 0, even though 
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the temperature loading is not constant at the different Mach numbers . 
At M 2 = l. 0 the temperature loading is already quite large and 
equals - 0 . 75 . Unfortunately, the limitation on the flow Mach numbe r 
in the shock tube precluded making heat transfer measurements at 
Mach numbers in excess of approximately 1. 3 for a monatomic gas. 
Therefore, direct comparison cannot be made with the high M 2 
results in air . The high Reynolds number heat transfer results are 
slightly lower than the air results at the same Mach number and 
Reynolds number. 
At Reynolds numbers below 8 , the Mach number dependency 
on heat transfer becomes more apparent . The results agai n a p proach 
the theory of Stalder et al ('y = l. 66) with an accommodation coeffi -
cient of 1 and agree with the heat transfer calculations under nearly 
free molecule conditions . For convenience and comparison, these 
theoretical estimates of the heat transf er coefficient are also plotted 
in Figure 2 1. 
7. Effect of Temperature Loading on Heat Transfer to Fine Wires 
Comparing Figures 18 and 19, it is sef>n that the experi mentally 
determined heat transfer coefficient of a wire in the shock tube is 
lower than the corresponding hot wire results obtained in wind tunnels 
-·· 
.,. 
for Reynolds numbers greater than 1 At Reynolds numbers greater 
than l 00 and a Mach nu1nber greater than 1 . 2, the cold wire results 
are alrnost 20 per cent lower than Laufer and McClellan's hot wire 
-·· 
.,. 
The work of Tewfik and Giedt, who did not use heated wires , but 
used cylinders cold with respect to the flow in a low density wind 
tunnel, compares favorabl y with the cold wire results. 
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results at -c 1 = 0. The difference bet,,veen the cold w ire and hot 
wire heat transfer coeffi'-·ients is larger at the higher Reynolds numbers 
than at the lower Reynolds numbers. In particular, at Reynolds num-
bers below l there is no difference between the hot wire results of 
Dewey (z 1 co 0) a nd the cold wire, 
It is suggested that thl.· difference between hot wi re and cold 
wire heat-transfer coefficients is principally an effect of temperature 
T -T 
loading ( \'..' r) such that for Re ) 1 the Nusselt number decreases 
T 
r 
as the algebraic value of the temperature loading is increased. An 
effect of temperature loading is plausible since effects of temperature 
loading are also noticed experimentally for hot wires, namely, as the 
wire is heated appreciably above the flow recovery temperature, the 
Nusselt number decreases. (At very low Mach numbers, the Nusselt 
number increases as the temperature loading is increased.) It is also 
noticed experimentally that, as the Reynolds number is reduced, the 
effect of temperature loading on a hot wire is increased. See Laufer 
and McClellan 1 s results in Figure 18 as an example of this effect. 
However, free molecule analysi::; predicts that there ,vill be 
no effect of temperature loading on the heat transfer coefficient. Using 
free molecule theory as a guide, one would expect that the temperature 
loading effect (if there is one) would be reduced as the hot or cold wire 
ope ration approaches the free molecule range. This expectation is in 
direct contrast with experiments with the hot wire, because the trend 
is reversed. However, it agrees most favorably with the cold wire 
results since the apparent effects of temperature loading are continually 
diminished as the wire approaches the free molecule range from the 
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continuum range of heat transft·r . This suggests that the temperature 
loading effect as measured b y using hot wires in the low Reynolds 
number region is possibly an extraneous result, i.e., erroneous end 
loss corrections or variations in the accommodation coefficient. 
The effects of temperature loading at the large Reynolds num-
bers were examined using laminar-boundary-layer analysis at the 
stagnation point. It has been demonstrated experimentally (Refs. ll 
and 28) that the major portion of the heat transfer to a cylindrical body 
occurs at the stagnation point - at least for high M. The boundary 
layer heat transfer and, through it, the effect of temperature loading 
are d e p endent on the distribution of p r within the boundary layer. 
stagnation-point heat-transfer analysis of Fay and Ridell (Ref. 31) 
The 
which uses the exact p f" relationship for air was used. Their analysis 
indicates that there is an effect of wall conditions on heat transfer, but 
this effect is small. For the cold wire it amounts to approximately 5 
T 
r per cent at -- ,..., 5 and does not explain the difference betwee!1. the hot 
T 
w 
w1re and cold wire results. 
An attempt was made to verif y experimentally a temperature 
loading effect by using a heated wne at low M 
s 
Unfortunately, at 
low M the effects were too small to be detected within the experi-
s 
mental accuracy since the heated ,,..,.ire involved large end loss corrections . 
The expenment was inconclusive, and it was abandoned. 
The difference between the hot '.vire and cold wire heat transfer 
coefficients at high Reynolds numbers has no t been resolved. Future 
work is necessary in order to explain this difference. A comparison 
with hot w ire heat transfer data using argon as a test gas may be useful 
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in explaining this. No suitable hot wire measurements using argon 
are available . If such measuremen·.s are made and compare favorably 
with the cold wire data (Fig, 21), then the difference between the heat 
transfer coefficients in air may be attributed to the possibility that the 
vibrational energy of the heated gas is not fully transmitted to the wire . 
8. Accommodation Coefficient 
Forced convection heat transfer measurements can be used to 
infer the accommodation coefficient (o<. ) when compared to the theory 
of Stalder et al. As mentioned in sections V. 5 and 6, the heat transfer 
measuretnents gave o(._ ';; l for air and argon using platinum or 
platinum- rhodiun"l wires. It should be mentioned that the wire elements 
underwent no special cleaning procedure before use. The wires were 
etched in a solution of nitric acid and water and then flushed clean with 
acetone . The resulting elements were then exposed to a high vacuum 
for five or ten min...ttes before use, but vvere not overheated. No 
attetnpt was made to specify the surface condition of the wires accurately 
for this experiment. 
A survey of the literature reveals that the accommodation 
coefficient can differ widely under apparently similar circumstances. 
Values of o1- range from less than 0, l to 1. A good many of these 
measurements are probably in e rror due to one of the following three 
reasons: (1) the experimenter did not w ork in the free molecule range, 
and transitional effects are present; (2) there were erroneous and 
excessive radiation and end loss corrections which markedly decrease 
the accuracy of the experiments; (3) there was a failure to specify the 
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surface condition of the element accurately in the experiment, Heat 
transfer mea'5urements in the shock tube can easily determine the 
accommodation c oefficient to the accuracy of the heat transfer meas-
~:< 
urements . The heat transfer measurements made in the shock tube 
can easily avoid errors introduced by ( 1) and (2) by working at suffi-
ciently high Knudsen numbers (say Kn > 50 ) and taking only initial 
heat transfer measurements when there are no end loss corrections . 
The forced convection heat transfer can be made much larger than 
any heat transfer due to radiation from the heated gas . The surface 
conditions are critical, but still have to be specified for any 
experiment. 
The coefficient ,L should not necessarily be considered a 
constant dependent only on the material properties of the wire . 
Various experiments show that o<.. is very dependent on the molecular 
proper t ies of the gas and surface conditions of the wire . In particular, 
Nocilla (Ref. 32) has shown that under certain conditions the accom-
modation coefficient may be a function of the molecular speed. The 
experimental work of Oliver (Ref. 33) indicates that the accommoda-
tion coefficient is a function both of the wire temperature and gas 
temperature under conditions of no flow . Hence , the experiment al 
values of oL are most likel y only ind1cative of the conditions as met 
in the shock tube, and the value of eX.. should not be interpreted as an 
absolute invariant quantity . No theoretical study has been able to cope 
:::< 
One must have a knowledge of the re cove ry temperature to do this . 
Wind tunnel experiments verifying the theoretical recovery tem-
perature are numerous and well determined since the recovery 
temperature does not involve the accommodation coefficient. For 
this reason, the experimental recovery temperature, as measured 
in the wind tunnel, can be used in reducing the heat transfer data 
obtained in the shock tube . 
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successfully with all the apparent independent variables and their 
effect on the accommodation coefficient . The actual mechanism of 
energy accommodation does not yet seem to have been adequately 
described. P erhaps simple forced convection heat transfer meas -
urements made in the shock tube over a wide range of operating 
conditions can help to clarify the mechanism of energy accommoda-
tion. Much difficult theoretical and experimental work has yet to be 
done in order to evaluate the accommodation coefficient precisely. 
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VI. POSSIBLE APPLICATION OF THE COLD WIRE 
1. Timing Measurements 
One of the most u:seful features of the cold wire is its ability 
to detect wave phenomena in the shock tube . It has been observed . 
that the heat transfer rate to the wire changes radically with the 
passage of a shock wave or contact surface . Even an expansion wave 
can easily be seen if the wire is hot or cold with respect to the flow. 
Because the signal output of the wire depends on the heat transfer 
rate, the cold wire can be used in conjunction with an oscilloscope 
to detect and measure the arrival time of these waves or surfaces. 
For example, this technique was used in Reference 14 in measuri ng 
the duration of the hot flow in the shock tube and is indicative of this 
possible use of the instrument. The contact surface, or region mark-
ing the end of the hot flow (region 2), was indicated by the first 
discontinuity after the arrival of the shock wave in this study ( see 
Fig. 7). 
To illustrate the application to wave detection, measurements 
were made of the time it takes a shock w ave to traverse the distance 
frorn a point in the shock tube to an end wall and return, using a cold 
wire . The measurements were carried out at high pressures (5, 50 
mm Hg). The probe was a 0. 0005 inch tungsten wire supported by 
two needles protruding from the :side wall of the shock tube and was 
placed at a distance of 8 . 44 em from the end of the shock tube . The 
oscilloscope with a calibrated sweep speed monitored the output of 
the wire, and the time between successive discontinuities was measured. 
A typical response of the wire in the quiescent hot air is quite different 
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from that in a flow. The experimental results together with the 
theoretical time to return (based on 'I = 1. 4 ) are shown in Figure 
22. At these pressures and M the experimental points agree well 
s 
with the theoretical estimate. The experimental scatter is small. 
Another important use of the wire is its ability to infer the 
incident shock wave speed by measuring the heat transfer to the wire. 
The possibility of measuring incident shock wave speeds comes from 
the results of section V. 1. It has been shown that the heat transfer 
to a fine cold wire is very repeatable and consistent. It has also been 
indicated that the heat transfer is a strong function of the shock Mach 
number (see Figs. 14 to 17). It follows that the heat transfer to a 
cold wire can be used to infer the value of M 
s 
A wire that is care-
fully calibrated can measure the heat transfer to within 5 per cent 
(the random error of the measurements is even smaller). If the heat 
transfer can be measured to 5 per cent, M can be measured to an 
s 
even closer degree of accuracy since the heat transfer law may be 
written as 
n 
t..M 
s 
M 
s 
where n is alw ays greater tha n 2. Atlow M (M <(2) w here n 
s s 
is greater than 4 or 5, the sho c k w ave Mach number can be measured 
to better than 1 per cent using this technique. This method of measur-
ing shock speed is advantageous 1n some instances, since it is a local 
measurement of M rather than an average measurement between 
s 
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two timing stations . Two cases are apparent when such a method of 
measuring shock speed is advantageous: (I) if the shock wave is highly 
decelerating or accelerating, a mean measurement may be too crude; 
( 2) if the distance over which the shock speed must be measured is too 
small to use ordinary film gages with any precision, the indirect 
measurement of M is preferable. 
s 
The cold wire can contribute a great deal to the measurement 
and timing of wave phenomena in the shock tube with only a minimum 
amount of equipment. 
2 . Sensitivity Characteristics of the Probe; Separation of Total 
Temperature and Mass Flow 
In wind tunnel work using the equilibrium technique, an unheated 
w1re is simply a resistance thermometer which reaches the equilibrium 
temperature T 
r 
When it is not at the equilibrium temperature, the 
unheated wire becomes also a heat transfer meter which is sensitive to 
mass flow, as is the ordinary hot wire. 
To illustrate this point more fully, mass flow and temperature 
sensitivity coefficients will be derived for the cold wire suddenly sub-
jected to a flow disturbetnce. These coefficients are analogous to the 
coefficients de ri vcd by Kovasznay for a hot wire (Ref. 4). However, 
while the basic idea of the calculation is the same, the results are not 
identical. In general, these coefficients are time dependent for a cold 
wire while they are constant for hot wire operation , 
Consider a heat loss relation given by 
Nu - qd = f(Re) ( 20) 
k{T - T ) 
r w 
57 
q = dpc l E ~ RI = 
dp c (£) 
TcZ E ( l 0) 
where E dE = dt 
Substituting into equation 20 gives: 
2 d pc E 
-4 o<_ E 
---- = f (Re) = k(T - T ) 
r w 
E 
E 
TJ T - T t w 
where T] = T /T = a constant, Tt = stagnation temperature, and 
r t 
2 f = d p c I 4ol k. Now, in general, the variation in the voltage output 
is related to variations in m ass flow and temperature by 
Then 
where !:>Re 
and also 
a:E 
opu = 
. . 
BE BE 
= o(pu) 6 (pu) + oT~ 6 T t ( 21) 
E(TJT t - T w ) d 
\.f.J f'(Re) p- (22a) 
BE !:>p~ _ 
opu :E 
f'(~ !:>Re 
f (Re) 
mass sensitivity coefficient 
d 
= - l:>(pu) 
r-
BE 
oTt 
E 
= - f (Re) T] 
f 
= 
(22b) 
temperature sensitivity coefficient 
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The sensitivity coefficients are simple in the above form. Notice that 
evaluation of the coefficients in the case of the cold wire requires 
derivatives of the signal (E) , in contrast to the case of the hot wire 
which requires only the signal itself. However, T is a function of 
w 
time and, in general, these coefficients are not constant. If one sub-
stitute s the solution for E and T (equations 4 and 9) into the above 
w 
equations and solves for the rate of voltage change, the equations 
become 
= constant 
and 
fl. .E \ pu = constant 
Combining yields 
= 
fl. E I pu 
= 
Eo(. 
= -- T)ll. T 1:" t 
t 
-~ 
e 
e 
t 
-c: f•(Re) ll.Re 
f (Re) 
f1 (Re) fl. Re 
f (Re) 
(23a) 
(23b) 
(23c) 
Therefore, the sensitivity of the cold wire to mass flow varia-
tions decreases exponentially with time while its sensitivity to 
temperature variations remains a constant. This trend is to be 
expected, since a wire in thermodynamic equilibrium with its surround-
ings is sensitive only to temperature variations. For the unheated wire, 
the sensitivity coefficients have the same s5.gn if the wire temperature 
is less than the recovery temperature. (The signs are opposite if the 
wire temperature is greater. Such a condition could exist in the cold 
flow behind the contact surface.) This fact means the flow has the 
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tendency to help heat the wire. This situation does not exist in hot 
wire anemometry where the flow has a tendency to cool the wire. The 
condition of maximum sensitivity to mass flow occurs at t = 0 and 
the ratio of mass flow variations to temperature variations has a 
maximum there also. For the same percentage deviations of mass 
flow and total temperature, this function has a maximum of one for 
M -co and Re-- 0. The equation below summarizes this: 
s 
AE\Tt { 
0 as ti-c - co 
---- = 1 t/-c --0 
AEI 
as 
pu 
and Re-O 
M ____.co 
s 
In certain cases of shock tube operation, the experimental 
determination of the mass flow and total temperature is desirable. 
The cold wire can give information leading to these two quantities. 
In order to separate the mass flow and recovery temperature, 
it is necessary to run the wire under at least two different operating 
conditions and use these two conditions to solve simultaneously for 
the unknowns T and pu. For a hot wire to do this in a shock tube, 
r 
it is necessary to heat and operate the wire initially at two different 
temperature loadings for two identical shock tube runs, i.e., same 
P 1 , T 1 , and Ms (s ee Ref. 6). However, the cold wire has an 
advantage over the hot wire here. The mass flow and recovery tem-
perature separation can be accomplished simultaneously with only one 
shock tube run. The basic reason for this property is that the sensi-
tivity coefficients change with time (se e equation 22). The changing 
temperature loadings are obtained from the response of the wire as it 
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heats up during the hot flow. As the wire progressively gets hotter, 
each new wire temperature changes the operating condition (and sen-
sitivity coefficients) and permits evaluation of pu and T 
r 
(equation 
21). This process could just as well take place in a cold flow if the 
body is hot. 
For the purpose of this analysis, consider only a heat transfer 
relation given by equation 20. Then for the two operating condi tions, 
called conditions 1 and 2 re specti vel y, we have two identical heat 
transfer relations if the flow is assumed to be steady. 
qld 
f (Re) = k(T - T ) 
r wl 
(20a) 
q2 d 
f (Re) = k(T - T ) 
r w2 
(20b) 
Taki.ng the ratio of these equations, one obtains the wire recove r y 
temperature, 
T 
r 
(24) = 
By virtue of equations 9 and 10, this result is equivalent to 
T r = TJT t = 
. t:.Ez . t:.El 
E l (E. t T. ) - E 2 (--- t T.) 
1
. 1 E. . 1 
1 1 1 {25a ) 
For simplicity and ease of evaluation of this equation, the quantities 
at operating condition 1 should be taken at the conditions just after 
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the arrival of the shock wave , that is, 
T = T. = T 1 w 1 
then 
T 
r 
(25b) 
and 
= _E_l_t:.. E_2 (-:-. __ l ....,..., -) T 
E .J E - E + 1 1 ~ 1 1 2 
(25c) 
These quantities determining T 1n equation 25 are easily evaluated, 
r 
Most of the quantities are in fact directly determined by observing the 
w1re response. T 1 , o( 1 , and E 1 are predetermined variables . 
The transport coefficients can now be evaluated in terms of 
the wire recovery temperature (equation 25) . When the heat transfer 
rate, the thermal conductivity, and the difference between the wire 
temperature and recovery temperature are substituted into equation 20, 
the Reynolds number is determined if the dependence of the Nusselt 
number on Reynolds number is known. From the definition of the 
Reynolds number, the mass flow is determined. The experimental 
heat transfer results given in Figures 19 and 21, for air and argon 
respectively, determine such a relationship. 
If T has not been calculated or is not known, the mass flow 
r 
may be determined directly from equations 20a and 20b. By subtracting 
equations 20a and 20b, one gets 
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= ~ f (Re )(T d w 2 (26) 
In order to specialize this equation, let 
f (Re) = A + B (pu/ ( 2 7) 
Then 
q 1 - q2 1 - . 1 
[ _Tw2 
d 
- A~f = l E ~--=- E 2 E "' d Ar' - T k k-Vv' ~E 2 1 1 pu = 1 
B B 
(28a) 
A, B, and J are chosen to fit the experimental heat transfer laws. 
For free molecule flow the relation is especially simple since j = 1, 
A = 0, 
pu = (28b) 
where C is a constant independent of the transport properties and is 
a function only of the gas constant, molecular speed ratio, and accom-
modation coefficient. Again the equation is easily solved since the 
response is monitored by an oscilloscope. 
A major experimental difficulty occurs if the two operating 
. -
conditions are chosen so that E 1 "" E 2 , because it is extremel y diffi-
cult to read the small difference of two large numbers, A small error 
in the difference between E 1 and E 2 leads to a large error in the 
quantities pu and T 
r 
However, this difficulty is overcome when 
E 1 is much different from E 2 . In other words , the wire operating 
conditions should be chosen just after the shock wave passes over the 
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wire and at a later time corre spending to approximately the time 
constant of the wire. In this case, pu and T 
r 
are easily deter-
mined. End loss corrections should be made throughout this analysis 
if the corrections are large enough to affect the signal level. 
The experimental determination of mass flow and recovery 
temperature will be useful in the investigation of the contact region 
behind the hot flow, the actual measurement of boundary layer pro-
files in the shock tube, and in regions where the flow conditions are 
not calculable. 
3. Response of Very Fine Wires to the Flow Within a Moving Shock 
Wave 
The precise determination of the structure or thickness of a 
moving shock wave presents many experimental difficulties, principal 
among which is the lack of sensitivity and time resolution of any 
instrument that can give a localized measurement at the required low 
densities. However, such an investigation, if possible, would be of 
~:~ 
considerable inte rc st . 
Some expe rienc ~' with very fine wires has been gained in the 
shock tube. These wires had a nominal diameter of 0. 00001 inch 
(smaller wires can be obtained) and were made from an alloy of plati-
num and rhodium. The lengths of the wires were approximately 
0. 008 inch when mounted. If the wires were made slack (length of 
the w1re divided by the sag approximately equal to 1 0), they withstood 
~:~ 
Fine wires using the steady state technique have been used to study 
shock wave structure in low density wind tunnels (Ref. 34). 
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the aerodynamic loads extremely well . Figure 7 shows the response 
of one of these wires in the two-inch round shock tube at an initial 
pressure of 50 mm Hg and a shock Mach number of l. 5. The calculated 
time constant is less than 16. 7 r sec. 
It is believed that these fine wires have a sufficiently fast 
response so that meaningful heat transfer measurements can be 
in the flo w within a moving shock wave . (Note: lOd 
u 
s 
2 
d d pc an ---
k 
made 
are 
the order of 1 m r sec.) To illustrate this point, the response of the 
w1re is estimated in an assumed flow within the wave. It is assumed 
that: (1) the wire is in free molecule flow, and the ordinary heat 
transfer laws apply; (2) the wi re temperature is constant while the 
shock wave is passing over the wire, although the derivative of the 
dT 
w 
response 
dt 
is not zero; (3) joule heating and radiation play an 
insignificant role; (4) the velocity distribution is represented by a 
hyperbolic tangent function symmetrical about the center of the wave; 
2 
and (5) the energy integral is c T + u = constant in the shock fixed p 2 
system. An energy balance gives 
d(T -T.) 
dt w 1 
= ARpu 
fdp c) 
w 
g(s) (11T - T ) 
s w 
( 29) 
where A is a. constant, R == gas constant, g ( s) ::: function depending 
s T 
r 
on the molecular speed tabulated in Reference 24, and 11 = = 
T 
a function of molecular speed. For strong shocks, s approaches a 
constant with a maximum not too different from unity in the shock tube, 
and g(s) 
-s- 11 can be assumed to be a constant since it is not a strong 
function of s (i. e. , between 0. 4 .c. s <:... l. 2). Neglecting also T 1n 
w 
comparison to 
Let 
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T for a strong shock, the equation simplifies to 
r 
d (T T ) = dt w - i 
Bu 3 
u - u 
s 
u2 
u = ( l + tanh o1.. )C. ) 
u 
(30) 
( 31) 
where x is measured from the center of the wave . The variables x 
and t can be related by x = 6/2-u t where 
s 
6 is some shock 
wave thickness. If the equation is specialized to a monatomic gas 
and 
as Ms -oo, then 
d(T - T.) 
w 1 
----- -B dt 
T 
w 
T. -
1 oL._U 
s 
3 ( l + tanh~ x) 
3 
- S ( l + tanh .K. x) 
d(T - T.) 
w 1 d(<l( x) 
dt 
( 32) 
In Figure 23a, the normalized values of the velocity distribu-
tion, rate of change of wire temperature, and wire temperature are 
plotted as a function of o<.. x 
- .c:.T ~T u L:.T w w u = = L:.T = 
u2 w L:.T w 
.c:.T w 
'N pL.x = 00 otx= 2 
The results show that the unheated wire responds very rapidly after 
the first half of the shock wave passes. Initially , the wire does not 
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change its temperature rapidly because the mass flow and recovery 
temperature arc small. Figure 23b sho\\'s the response of the wire if 
it is heated . While the response is qualitatively the same, it does 
have some additional features . The first portion of the shock wave 
can be used to infer the initial mass flow since the wire temperature 
and recovery temperature are approximately known. At first , the 
wire cools as it is hotter than the flow, but then later the trend is 
reversed. At the instant when the wire is neither heating nor cooling 
dT 
(dtw = 0), the recovery temperature of the flow equals the wire 
temperature . This in turn is very similar to t he initial temperature 
t:..T 
since the wire changes its temperature a very small amount (-~ <.< 
T. 
1 
1 ). The rate of change of wire temperature will be a constant after 
the shock wave passes. The flow after the shock wave can be used to 
calibrate the wire under known operating conditions which can in turn 
be used to reduce the heat transfer r<:-sults from the flow within the 
shock wave . 
The magnitude of the voltage »ignals are of prime concern, 
s1nce these will partly determine whether or not this technique for 
studying shock wave structure i» practical. The maximum voltage 
signal output, defined as the magnitude of the voltage change of the 
gage just after the complete passage of the !>hock wave, can be esti-
mated. 
t:..E c= T IR. o<.. 
max z- t 1 1 
where t = time required for the shock to pass the wire, 
( 3 3) 
T = total 
t 
temperature of the flow after the shock wave, and L = ideal 
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two-dimensional time constant taken at conditions after the shock 
wave. An experiment in argon at an initial pressure of 50 rHg and 
M 
s 
= 10 gives t.E = 0. 5 mv for a o. 00001 inch diameter 
max 
platinum-rhodium wire for a shock thickness taken equal to one mean 
free path of the undisturbed gas. This is a small signal, but it is 
still large enough so that it could possibly be used. The signal output 
cannot be increased or decreased by changing the initial pressure, 
since the wire response to a strong wave rests primarily on the diam-
eter and shock wave speed. This can be shown with the help of the 
preceding equation. Let 
t """' A l 
2 (d p c) 
w 
(dpc) 
w 
'C" = ---- ,rv 4Nuk 
Substituting these into the above equation gives 
t:.E M2 r 1 cp M2 [ ~I max s s 
------ -
-· IR.o(. T. d (pc)w c l d (pc)w 1 1 1 ~1 ( 3 3) 
The quantity in the bracket is fixed by the choice of test gas and w1re 
material. It does not vary much with different gas properties. Hence, 
the signal 1s proportional to the shock speed squared and inversely 
proportional to the diameter. 
It appears that the fine wire may be able to shed some light on 
the structure or thickness of a strong shock wave. The experimental 
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difficulties do not seem insurmountable if the experimenter has at 
his disposal sufficient electronic equipment. The most critical piece 
of equipment is a high-gain, fast-response oscilloscope which is 
necessary in order to monitor the probe output. 
4 . Detection of Flow Non-Uniformities 
The variation of the heat transfer to a wire provides a sensitive 
test for many flow non-uniformities produced in shock tubes . For 
example, the heat transfer to the wire is very sensitive to the shock 
wave velocity (Ms a 1) as shown by Figures 14 to 17 . If the shock 
wave is accelerating or decelerating, the flow behind the shock wave 
is continually changing and in turn continually affecting the heat transfer 
to the wire. If the time constant of the wire is made large with respect 
to the duration of the hot flow, the response of the wire should ideally 
appear as a straight line (Fig. 7). Deviations from this straight line 
indicate that the wire recovery temperature or mass flow is changing. 
The wire probe must be of sufficient length so that end losses are 
negligible and do not affect the wire response (see Appendix A) . 
These heat transfer signals are easy to interpret and detect 
using the linear portion of the response of a wire. The test is sensitive 
because deviations from a straight line are easily detected. Tests of 
flow non-uniformities can also be carried out using thin film gages, but 
these responses are non-linear and make it difficult to interpret only 
but the largest flow variations. 
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VII. CONCLUSIONS 
The fine wire probe employing the calorimetric principle of 
heat transfer in its operation is shown to be a useful instrument in the 
shock tube, 
The ideal response of the wire is easily interpreted, since the 
heat transfer rate to the wire is the instantaneous slope of this response. 
If the wire is operated at small excitation currents so that it remains 
at the temperature of the surroundings prior to the initiation of the hot 
flow, the initial heat transfer to the wire does not depend on end loss 
corrections. The wire then represents a perfect calorimeter. 
It has been found necessary to calibrate all the quantities 
associated with the geometrical and physical properties of the wire 
( d, pc,o<.) in order to take quantitative heat transfer measurements. 
The technique of weighing the wire to infer their diameters and using 
an electrical calibration to evaluate the wire physical constant pc has 
proved successful. 
Measurements of heat-transfer rates to cold wires have been 
made in air and argon in the shock tube. The non-dimensionalized 
heat transfer results differ slightly from those for hot wires at Reynolds 
numbers greater than 1 in air. The results show excellent repeatability 
and consistency. 
The wire is extremely useful as a wave detection device, and, 
if the wire is calibrated, it can also measure local shock speeds (M ) 
s 
by measuring the heat transfer rate to the wire. This is based on the 
experimental relation of q versus M 
s 
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The cold w1re responds to both mass flow and temperature 
variations. The relationship between these variations is derived, and 
it is shown that th:..s relation is a i\lnction of t.r.me. Using this relation, 
it is shown that under certain conditions of wire operation the effects 
of mass flow and temperature vn wire response may be separated with 
a single shock tube run, and the cold wire cax1 be ~sed as a mean flow 
device. 
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APPENDIX A 
1. Support Influence on the Calorimetric Property of the Wire 
It has been previously rnentioned that the wi re and its supports 
begin to heat up after the passage of the shock wave. However, the 
supports do not heat up as rapidly as the wire does because of their 
large r differences in n 1ass p e r unit surface area*. This causes a 
terr.perature difference to be set up between the wire and its supports. 
When this occurs, the wire is no longer a perfect calorimeter because 
son,e heat is lost in conduction to the supports. 
If heat transfer or flow rneasuren1ents are rr,ade at some time 
after the shock has passed by, some correction will have to be made 
to correct for this heat loss. It is the purpose of this section to esti-
mate this correction. In formulating the rr:athematica l problerr, , the 
following assurr.ptions are rr,ade: (1) no radiation effects, (2) no 
joule heating, (3) the wire's physical parameters are constant, and 
(4) the Nusselt number does not depend on the heat t ransfer rates. 
Consider the heat balance of a small differential eler.:. ent of the wire. 
':< For the case considered here, the ratio of n· ass to surface area is 
proportional to the diarr:·eter. Usually the support n-,ass per unit 
surface area is g reat er than that of the wires by a factor of twenty 
or more. This indicates that the support has a characteristic 
response time which is of the order one hundred times that of the 
wires. It is interesting to note that a platinum sputtered one-
dimensional heat transfer gag e that has the same resistance per 
unit length as a 1/10 n .il platinum wire has approximately the sarr.e 
mass for the sarr:e leng th (1 t-"'1::/cm). However, their mass to 
surface area ratio differs by a factor of one hundred, and the 
characteristic time constants differ by at least this factor, if not 
rr1o re . 
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This results in the following differential e qua tion: 
Let 
k 
w 
::v = 
) 
d~ 
4 
4 Nu k 
a 
d 
+ Nu k (T - T ) a r w 
fL :.. 
k 
w e = 
(A-l) 
T - T . 
w 1 
T - T. 
r 1 
In view of the preceding discussion, the bounda r y condition of the w ire 
at the supports is assurr.eci i.o have a fixed initial temperature . The 
conditions are written as 
0 
Q(x, t) = { 
G(x, .._;) = 
+ L Q(- T, t ) = o 
\All Itt 
Surp~Ts 
Tw"'T, 
Applying the Laplace transformat ion Lo the tirne variaole, 
Q = 
(A- Z) 
(A- 3 ) 
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With the transforn.ed boundary condition, the solution to thi s e qua tion 
g i ve s 
--:-;-:;)~ [ 1 -£ (v+£ ) 
T h is exp ression lS then inverted with the he l p of Re f e r ence 3 5. 
where A = 
Nu k 
a 
k 
w 
( 4- )" a non - dirr.ensional l ength, 
(A- 4) 
(A-5) 
T= 4 Nu k 
a 
ideal ~.wo - din1ensional tin-..e con s t ant of w ir e . 
From this expr ession the average ten1perature c an be c a lculated. 
L. 
T,.- T~ 
=f. j~w-IL cJ.,; = 1- .~ ~e_ VA-~ Ae- ~ ~ 
L TA.-\i. Y~ lf 2 L_ 
0 
T11is n.ean wire ten perature represents t:te terr.perature that is u s e d 
to calculate the volta .~e signal • 
. 
E = I R = IR . a. T 
"" ~ 1 w 
only of the heaL stored in the 
T or: 
w 
(A - 7) 
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Ideally, 
Therefore, 
Q3D 
measured value 
00 
=~Z 
rr n=O 
e 
-t/7: 
1 2 2 t 
-(n+z-) rr -~>­
e 
(n + t) 
If t < < 1 , this function can be represented by 
Q3D 
1 -
2 I,;~ o-m = -- + tn 
1 - 2 ~ = + rrr J.- Pw w 
(A-8a) 
(A-8b) 
(A-8c) 
It is irr.portant to notice that this correction is independent of 
the flow conditions since (:A is only a function of the wire properties. 
At t = 0 the three-dirnensional heat transfer rate is identical 
with that of the two-dimensional case, and no end loss correction is 
needed. However, because of ti1e functional forr.: of the correction, 
care must be maintained to keep t/'L).. sufficient! y small. In Figure 24 
the heat transfer correction is plotted as a function of t/z>-. • The 
initial square-root dependence of the correction very rapidly approaches 
2 
the function 8 e-rr / 4 t / ?:)-.. 
-z (shown in the figure as a dotted line) 
1T 
which is the first significant tern ; of the series solution of equation A- 8a 
for long times. 
The tirr,e constant for the three-dim'ensional case 1s taken as 
the intercept of the initial slope of the wire's response with the 
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equilibrium wire temperature. Since the initial temperature slopes of 
the two- and three-dirr1ensional wires are the same, the three-
dimensional time constant is related to the two-dimensional one by 
c( 
T - T. 
w 1 
)t--oo (A-9) 
A plot of the equilibrium wire temperature and is given as a 
function of )\ in Figure 25. The three - dimensional effects become 
quite large when A is much less than 100. 
Figure 26 illustrates a wire response where A was deliberately 
made small to show its effect. Associated with the photograph is a 
graphical representation of the wire 1 s response normalized so that it 
shows its exponential character. The three-dimensional response 
appears exponential when referred to the three-dirnensional wire 
recovery terr1perature. It is not exponential when referred to any other 
value as shown, for example, by choosing an alternate temperature, 
the two-dirnensional recovery temperature. The actual curve near 
t = 0 is not exponential, but the magnitude of the signal is such that the 
difference cannot be detected. The results between the calculated three-
dirnensional values, using previous experimental heat transfer results 
( )\ large), and the rr. easured values are good and are shown 1n the 
figure also. 
The recovery temperature for a wire of infinite aspect ratio 
( )., ~oo) can be found without a prior knowledg e of the flow conditions 
(i. e .,)\ by an integration wi th time of the three-dimensional wire 
response. 
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00 
T = T + J T dt r w. w 1 
0 
But 
-
Q2D 
T = T w w Q3D 
Then 
00 
T 
r 
= T + 
w. 
1 J T w {A-1 0) 
0 
2. Estimate of Heat Conduction Losses to The Surrounding Media 
During Calibration 
In calibrating the wire, some error is introduced due to the 
heat conduction to the surrounding medium. Figure 27 shows this 
effect. The rate at which heat is lost will be a function of the diffu-
sivity of the surrounding medium, time, diameter of the wire, and 
other physical constants which are usually kept constant during all 
the calibrations. The ratio of heat conduction rate to the stored heat 
rate is the error in the calibration due to the presence of this heat 
loss mechanism 
= ~ (A- 11) 
It is this function that is studied here. It is assumed that there are 
no end loss corrections during calibration because the testing times 
9-- 2 
(less than pc ) are too short to allow any end losses, but not so 
4k 
w 
short that the heat conduction to the surrounding medium can be 
neglected. 
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The value of Q requires the complete solution of the heat 
c 
equation for the surrounding medium in cylindrical coordinates with 
the appropriate initial conditions . 
k 
a 
-
r 
a (r oT) oT 
or or = Pa ca at 
No solution of this equation in closed form was found even for the 
simple case of a step rise in temperature of the wire (Ref. 36). 
Dimensional analysis suggests that the heat lost by conduction 
is represented by 
or 
Q 
c 
= k 
a 
= k (T -
a w 
The stored heat rate is 
Therefore, 
= 
2 d p c 
f ( a a ) 
4k t 
a 
2 
11 d p c 
T ) ~ f ( a a) 
a d 4k t 
a 
= 
rrdl}, 
4 P c T w w w 
{A-12a) 
(A-12b) 
(A-13) 
(A-14a) 
In the case of calibration of the wire , (T - T ) is approximately 
w a 
represented by the function At, where A is a constant , 
= 
4k At 
a 
2 d p c A 
w w 
2 d p c 
f ( w w) = 
4k t 
a 
4k t 
a 
2 d p c 
w w 
2 d p c 
f ( a a) 
4k t 
a 
(A-14b) 
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The empirical form of f is approximated by 
2 d p c 
f = B ( a a) 
4k t 
a 
Fitting this to the calibration experiments gives 
in the range 
B = l + 20 °/o ; 
1 < 
2 d p c 
a a 
4k t 
a 
= O. 07 + l 0 °b 
<. 100 
Substituting equation A- 15 into equation A-14b gives 
= 
2 4k t d p c 
___ a~} ( a a} 0. 07 
2 4k t p c d a 
w w 
(A-15} 
(A-16a) 
The density of the surrounding medium can be written in terms of 
pressure and temperature with the help of the perfect gas law. 
E: 
d 2 p c ) ( a a ) 0. 07 
4k R T t 
a a a 
(A-16b) 
This formula shows the strong dependence of the calibration 
error on the diameter of the wire and time, while the pressure has 
only a slight effect. However, if the calibration is done in a container 
at sufficiently low pressures, the mean free path become::> comparable 
to the c ontainer dim.ensions. Then the c onductivity is a function of the 
pressure (Knudsen gas), and, when this occurs, the conduction losses 
are reduced considerably. 
If the allowable error is one per cent, the maximum permissible 
calibration time is approximately 200 J sec for a 1 mil wire and only 
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2 r- sec for a 1/10 rnil wire under atmospheric conditions. For 
accurate calibration [he calibration tirr,e must be reduced drastically 
with the diarr1eter under these conditions. 
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APPENDIX B 
l. Calculation of Transport Properties in Frozen Flow 
The question of g as equilibrium was brouGht up in section V. 4 
in connection with the reduction of the heat transfer n -teasurernents 
taken in air . The diaton-.ic molecul es of air undergo an energy redis-
tribution due to the excitation of another interna l de g ree of freedom 
in the range of measurernents. 
Only two cases were considered in section V . 4, that of complete 
equilibrium and that of completely frozen flow. The state properties 
of the gas and flow velocity u are easily calculated in such cases. 
For equilibriun1 flows , Ll1E' shock tube equations are iterated with 
known equilibriun~ gas properties for a solution. Completely frozen 
flo'vvS are n : ore simple to ca l culate and only require the theor etical 
solutions with a constant ra t io of specific heats ( ;f ). Ti1e specific 
heat is chose•1 to correspond to the initial ten.perature of the flow. 
The transport prop e rties of the g as are usually tabu lated for the case 
of c quili br iun. These values cac1 be extended to include ti1e effects 
of frozen flow under cer ~ain assun; ptions. Assunle that r = r (T) Ot1l y 
a;1d that it is independe 'lt of the i c1t erna l degrees of freedon; for a g as 
that is underg oing vibraiio:-tal relaxation {Re f. ~ 7) . The Eucken 
approxirr_ation is used l.o relate: Lhe viscos i ty to the conductivity (the 
iaternal energy is assun.ed to ;Jc distributed i;1depende,1tly of the 
velocity distrioution) by 
k - 9 ~ - 5 4 = 
9 y - 5 
4( )' -1) (B-1) 
where R is the gas constant. The equilibriurr~ viscosity can be used 
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in equation B - 1 when the temperature of the flow is calculated (see 
above). By using the '{ determined by the initial temperature, the 
thermal conductivity is then approximately determined. The equilib-
num conductivity is in all cases larger than the frozen conductivity 
when heating the gas. Care must be exercised in calculating the 
frozen thermal conductivity in region 5 if region 2 is in equilibrium. 
Here the appropriate '{ is taken at T 2 , and T 5 is calculated on 
this basi s . The effects are similar but are of a smaller scale and 
are only slightly displaced from the equilibrium curve . 
2 . Measurements of Shock-Wave Attenuation 
Measurements were made of the shock wave attenuation in the 
two - inch diameter shock tube at the test section . The basic measure -
ment involved the detection and de t ermination of shock-wave speeds 
usin g four thin film gages. To measure shock wave velocity, the 
gages were grouped into two pairs, each pair capable of giving signals 
to measure shock wave speed when using Berkeley counters. The 
average shock-wave velocity was measured over approximately a span 
of two feet. The downstream gage of the first pair was separated by a 
distance of one foot from the upstream gage of the second pair of thin 
film shock wave detectors . The midpoint position of these side wall 
gages was 20.5 feet downstream of the diaphram section. 
Two driver gases and two test gases were used in the experi-
ments. Helium and nitrogen were used as driver gases while room 
air and standard grade argon were used as test gases. The attenuation 
measurements were carried out at fixed pressures similar to the 
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pressures used in making the heat transfer measurements { P 1 = 500, 
50, 5, 0. 5 mm Hg). The shock-wave Mach number was random. 
There are stringent experiment requirements in order to 
measure shock-wave attenuation accurately. Attenuation is measured 
by the small difference in two large numbers. Error analysis of such 
measurements indicate that measuring shock-wave speeds to one per 
cent is not accurate enough for attenuation measurements. Indeed, 
the accuracy of the shock speed of one-tenth of one per cent may still 
involve considerable error in the measurements. The distances were 
measured to approximately + 0. 02 inch, and the counter was assumed 
to give a time accurate to ..±. 1 fsec. Under certain conditions of 
attenuation, this could still represent twenty-five per cent error, part 
of which is a systematic error and part is a random error of the 
counter. 
Measurements were made and then reduced to the following 
form: 
llM 
s llx 
M 
s 
where llM 1s the Mach number difference between the two shock 
s 
speeds, M is the average shock Mach number, and llx is the differ-
s 
ential distance (in feet) from the midpoint of each of the two shock 
speed measurements. Only the attenuation measurements in air are 
presented and are shown in Figure 28 . The results are plotted in the 
above form as a function of Ms with the parameter P 1 • These results 
were compared with the theory of Mirels (Ref. 37) for an air to air 
shock tube with an infinitely long driver. The case of a fully laminar 
or fully turbulent boundary layer within the shock tube was calculated 
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in this reference. The effect of the heat conductivity of the shock tube 
walls also enters into the calculations. The theoretical results also 
presented in Figure 28 have been derived on the assumption that the 
walls of the shock tube are perfect heat conductors. The results of 
Reference 38 were reduced to the form of the experimental results by 
the following method. 
Case I: 
From Mirels 
Laminar boundary layer 
1 
6.p2 us d2 a2 2 t:_ 
-(---) =- (Ms) 
P2 u2 x Y2 
(B-2) 
where~(Ms) is the tabulated function determining the relationship 
between the Mach number and the Reynolds number giving the attenua-
tion expressed in terms of the changing pressure immediately behind 
the shock wave (region 2). Differentiating equation B-2 with respect 
to x and rearranging gives[ M /'- 2 ] ~ ~ 
_a (-6.P_2) = ;(__ (Ms) 2 fl ( f 1 )z. 1 
ax p 2 2 P2 p 1 a 1 d y-;;d' M-
2 p 1 
(B-3) 
The pressure jump across the shock wave and Mac h number are related 
by 
= 1 + ~ (M 2 - 1) 
'{ + 1 s 
= 2 
2yMs - (y - 1) 
Substituting this equation into B-3 gives 
1 
2 
1) i.J.Ms) rM ~r 6.M 2yM - ('{ - 2 fl s s = M 6.x 4M 2 2 P2 s 
'{ s M-
s p 1 
(B-4) 
1 
/A 1 ) 2 1 ( 
p 1 a1 d ~ 
(B- 5) 
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This equation, represer-.ting the shock wave attenuation per foot for a 
lam.in.ar boundary layer, was calculated for the initial pressures 5 
and 0. 5 mm Hg and for the conditions (x = 20. 5', etc.) of the experi-
rnent. A similar calculation was carried out for the turbulent boundary 
layer case, and the result is indicated in equation B-6. 
Case II; Turbulent boundary layer 
where T(M ) is analogous to ;;f_ (M ). Calculations were made for 
s s 
the initial pressures of 500 and 50 rnm Hg. 
The theoretical results compare favorably with the experirr. ent. 
Under no conditions was any experimental attenuation ( 6.Ms/Ms 6,X) 
greater than 0. 01. The largest discrepanc y between theory and 
experiment exists at 50 and 0. 5 r~m Hg. At 50 mm Hg the boundary 
layer is not completely turbulent. Hence, there would probably be a 
slight reduction in the a tte.1ua ti o n because of the influence of the 
larr1inar boundary la yer. 
3. Calculation of Nearly Free-Molecule Flow Heat Transfer 
The calculation of the heat transfer to a cylinder under nearly 
free molecule flow was approached by using the work of Willis (Ref. 
3 0) in order to estirr.ate the effects of the Knudsen number on the heat 
transfer. Willis has approached the problem of nearly free molecule 
flow of gases by transforming Boltzn1ann 1 s equation into an integ ral 
forn . and applying an iterative m.ethod of solving for the distribution 
function under specific assumptions of surface interaction (a.= 1) 
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and collision rr.echani srr. (a modified Krook' s n.ol ecular model). Willis 
has calculated the difference i n heat transfer from the free rr,olecule 
values to a two-dimensional strip as a function of the speed ratio of 
the gas str eam and body tern,_; .·ature. 
Assume that the heat transfer distribution and incident rr1o l ecul e 
distribution of a circular cylinder, as calculated oy free molecule flow, 
rerr.ains unchanged under near fre e mol ecul e conditions 1 (-= Kn ~ << 1 ). 
The tota l heat transfer to a cylinder can then be represented by an 
e quivalent (based on area) two-din-, ensional strip. Assume also that 
the recovery tentp erature does not change as the Knudsen numbe r is 
increased. A heat ba lance per unit area of ti1e two -din,ensional strip, 
together with the conservation of 11 ass, ~ives 
N. 2. R T qtotal = q incident - qr e flected = qi - 1 w (B-7) 
where i represents tne actual nun1ber of incident rrtol ecul es . Willis 
Q. - Q. N. - N. 
has tabulated values of 1 10 a.ld 1 10 fo r a t w o-
0io Nio 
din . ensional sLrip as a functio,; of ;5as terr. pera ture and b ody ten,perature. 
Le t 
Q.- Q . 1 '(TI ~ 1 10 Q . -y- = 
10 { )M.. ~ 
N. - N. rn J-1 10 ---z- = N. f~f 10 
where io represent s tl1c free ruolecul e cal culations and ~ is the 
reciproca 1 of the Knuds en number. Then 
= Q . 
10 
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) - (1 +X--2-
rrr 
N . 2R T 
10 w 
= ~RT )+ 'fJ _L_~)c_..f 
w fiT Q . -10 
V N. 
/'- 10 
2 R 
With the definition of Nusselt number, the e quation can be rewritten 
Nu 
R e Pr = 
Q . - N . t.. R T 
10 10 w 
p u cp 6. T 
JJ Q. - Y N. 2 R T I 10 /'- 10 w 
puc 6.T p 
Now the two -dirr,ensional strip heat-transfer coefficient can be related 
to a cylinder by a constant K by viz·tue of the first assumption. This 
equation then represents that of a cylinder if the corresponding free 
mol ecul e heat-transfer results are used. 
Nu 
= St = St free molecule flow Re P r 
(B-9) 
+ + 
N. -::an be calc ulated with the help of Reference 24. 
10 
( B -1 0) 
0 
where g ( s) is tabulated in Reference 24. Specific exampl es have 
been calculated using this forrr;u la under the environmental conditions 
imposed by the shock tube. For ar6on, the results :5ave for 
M = 4. 3, 
s 
Knudsen Number 
194 
19. 4 
1. 94 
90 
St 
calc. Stfm 
. 323 . 325 
. 3 1 3 . 325 
. 294 . 325 
St 0/o diff Re Nu 
-.002 - • 62 • 01 • 0021 
-. 012 - 3 . 7 0. 1 • 0207 
-. 031 -10.5 1.0 • 194 
The equivalent Nusselt nun1ber is plotted with the experimental results 
in Figure 21 . 
TABLE I 
CALIBRATION RESULTS 
--
Nominal Material Diameter Diarneter <X0°C o< 0 oC pc pc pc Diameter :;:: :::-:: :::' M d Handbook Measured Measured 
(Inches) Handbook easure ,~ ':"~ 
o. 001 w o. 00103 0 . 001 0 . 0045 0 . 00399 0.626 0.620 0.655 
0.0005 w 0.00052 0.00048 0.0045 0.00378 0. 626 0. 60 o. 70 
0.0002 w 0.000194 0 . 00018 0 . 0045 0 . 00435 0.626 0. 635 0 . 737 
0.0005 Pt 0.0005 0 . 0039 0 . 0036 0.681 0. 86 ...!) 
...... 
0 . 0001 Pt o. 000118 0.000096 0.0039 0 . 00393 o. 681 0. 675 l. 02 
0.00005 Pt90Rh10 0 . 00005 o. 0017 0 . 00168 o. 706 l. 07 
0.00001 Pt90Rhl0 0.0017 0. 706 
,., 
' Diameter based on optical measurements. 
':":'Diameter calculated from the weight of the wire. 
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TABLE II 
MATERIAL PROPER T IES 
Positi on M e tal CJLn C>(_ p _liLj cal ()-of_ c - -
e m oc goC pc e m 
1 Fe 9 . 8 0.0065 7 . 9 0 . 106 0 . 075 
2 P t 9.8 0 . 0039 21. 5 0 . 032 0.055 
3 Ni 7 . 2 0 . 0066 8 . 85 o. 110 0.048 
4 P t90Rh 10 18 . 4 0 . 0016 21 0.034 0.04 1 
5 w 5 , 5 0 . 0045 19 . 3 0.032 0 . 040 
6 Mo 5 . 2 0 . 0033 1 o. 2 0 . 061 0 . 028 
7 A1 2 . 7 0 . 0045 2 . 7 0 , 226 0 . 020 
8 Au 2 . 4 0 . 0034 1 9 . 3 o. 0 31 0 , 0 14 
9 A g 1.5 0.0041 1 o. 5 0 . 057 0.0 10 
10 Cu 1. 7 0 . 004 3 8 . 9 0 . 092 0 . 009 
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TABLE III 
TABULATED RESULTS OF 
HEAT GAIN TO COLD WIRES IN AIR 
nominal diameter = 0. 001" T1 = 300°K = T w 
measured diameter= 0. 001" material : tungsten 
P 1 mm Hg M 
cal P 1 mm Hg M 
cal 
s 
q- 2 s q z 
em sec em sec 
500 l. 38 15. 7 5 1. 482 2.46 
500 1. 318 11. 5 5 1. 406 l. 84 
500 1. 44 7 21. 3 5 2. 32 18.55 
500 2.37 207 5 2. 56 29.2 
500 2.02 113 5 3. 52 89.5 
50 l. 357 4.86 5 3. 29 70 
50 l. 402 5. 81 5 3.69 108 
50 l. 3 71 4.88 5 5.64 461 
50 l. 517 9, 15 5 4. 77 277 
50 l. 81 20.5 0. 5 6. 01 167 
50 2.6 l 01. 5 o. 5 4.0 3 9. l 
50 2.86 141 0. 5 4.52 62.2 
50 4. 21 4 79 0. 5 6.84 250 
50 3. 81 385 0. 5 6.63 276 
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TABLE III (cont 1d . ) 
no.minal diameter= 0 . 005" T 1 = 300°K = T w 
measured diameter = 0 . 00048" mate rial: tungsten 
P 1 mm H g M 
cal P 1 mm H g M 
cal 
s 
q 2 s q --2--
em sec em sec 
500 l. 5 15 42 . 1 5 2. 52 38 . 5 
500 1. 33 3 19. 5 5 3.09 83 
500 1. 53 41 5 4.56 340 
50 l. 36 7. 46 5 2. 16 188 
50 1. 7 36 25.5 0.5 4 . 16 55. 2 
50 2. 274 85.2 0. 5 5. 17 120 
50 3.02 261 o. 5 6 . 54 276 
50 4.07 840 0.5 2.87 11. 9 
5 1. 38 7 2.29 0. 5 2.25 4. 1 
5 l. 503 3. 64 
nominal diameter = 0. 0002" T 1 = 300°K - T w 
measured diameter = o. 00018'' rnate rial: tungsten 
50 l. 27 6 . 6 5 3. 29 141 
50 1. 54 20 . 5 5 4 . 2 372 
50 2. 35 169 0. 5 3. 75 45 
50 2. 4 17 3 0 . 5 5 .47 175 
50 3. 07 430 0. 5 3 . 89 52 
5 l. 62 6 .42 0. 1 4 . 23 12. 9 
5 2 . 1 21. 2 o. 1 4. 18 12. 2 
5 1, 48 39 . 9 0 . 1 4 . 71 19 
5 3. 04 106 
95 
TABLE III (cont 1 d . ) 
nominal diameter = 0 . 0001'' T - 300°K = T 1 - w 
measured diamcte r = 0 . 000096" mate rial: platinum 
P 1 mmi-lg M 
cal 
s 
q 2 
em sec 
5 1. 505 5. 95 
5 2 . 11 29.2 
5 2 . 84 104 
5 3.04 133 
5 4.44 588 
5 3.08 135 
nominal diameter = 0 . 0005" 
measured diarneter =' 0. 0005" 
5 4 . 45 300 
nominal diameter -= 0 . 00005" 
measured di ameter ::: 0. 00005" 
5 4 . 08 450 
5 3. 8 l 366 
P 1 mm Hg M s 
0 . 5 4 . 38 
0 . 5 5.34 
0 . 5 3 . 78 
o. 1 5 . 21 
o. 1 6 . 74 
0 . 1 4 . 21 
cal 
q-~2--
cm sec 
81 
156 
43 
77 
14 . 2 
material: platinum 
material: platinum90 rhodium 10 
0. 5 4 . 27 72 
0 . 5 4 . 1 57.5 
0. 5 5 . 04 129 
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TABLE IV 
TABULATED RESULTS OF 
HEAT GAIN TO COLD WIRES IN ARGON 
nominal diameter= 0. 001" T = 300°K = T 1 w 
measured diamete r = 0. 00 1" material: tungsten 
P 1 mm Hg M 
cal P 1 mm Hg M 
cal 
s 
q 2 s q 2 
em sec em sec 
50 2.25 44. 1 5 1. 68 4.25 
50 2. 14 38.3 5 2.67 28.-2 
50 1. 54 9.6 5 2.08 1 o. 7 5 
50 2.45 6 7. 1 5 4.09 145 
50 2.74 108 o. 5 3.69 24.8 
50 3.63 310 o. 5 3.75 25.9 
5 2.63 26.4 o. 5 4. 12 42.0 
5 3.08 52 o. 5 5. 15 
5 2.85 39. 3 
nominal diameter = 0. 0005" Tl = 300°K = T w 
measured diameter = 0. 00048" material: tungsten 
50 1. 57 16. 9 5 3.45 112 
50 1. 75 27.6 5 5.98 738 
50 2.52 114 5 3 . 54 123 
50 2.46 98.2 5 3. 56 120 
50 3.90 580 5 4.05 194 
5 l. 69 6. 2 o. 5 4. 14 41 
5 2.02 14.2 o. 5 4.48 47 . 3 
5 2.4 25.5 0. 5 5. 7 109 
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TABLE IV (cont'd.) 
nominal diameter= 0. 0002" 
measured diameter = 0. 00018" material: tungsten 
P 1 mm Hg M 
cal P 1 mm Hg M 
cal 
s 
q 2 s q 2 
em sec em sec 
50 2. 36 135 5 3.22 120 
50 2. 13 92.5 5 2. 18 24.5 
50 2.35 138 5 2. 16 23.5 
50 1. 69 34.6 5 3 .65 195 
50 3.06 387 o. 5 4. 19 42 
5 3,22 129 o. 5 4.6 57 
nominal diameter= 0. 0001" T1 = 300°K = T w 
measured diameter= 0. 000096" material: platinum 
5 3.52 200 0. 5 5. 13 93.5 
5 3 . 86 298 o. 5 5. 21 96 
5 2. 0 21. 4 o. 5 4.99 81 
5 2.98 103 o. 5 4.08 39.8 
0.5 3.35 21. 5 o. 5 4. 19 41.7 
0.5 3 . 37 22.5 
nominal diameter = 0. 00005" Tl = 300°K = T w 
measured diameter = 0. 00005" mate rial: platinum90 rhodium1 0 
0. 5 4.88 77 o. 5 5 . 1 85 
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FIGURE 1 
THE PROBE AND ITS MOUNTINGS 
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FIGURE 2 
SILHOUETTES OF TWO PROBES 
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FIG. 3- PRESENT ARRANGEMENT OF THE THREE INCH GALCIT SHOCK TUBE 
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FIG . 6- TIME CONSTANT OF A ONE MIL TUNGSTEN WIRE IN 
RF'~ION 
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TYPICAL PROBE RESPONSES IN THE SHOCK TUBE 
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FIG. 8- CALIBRATION CIRCUIT 
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FIGURE 9 
CHARACTERISTICS OF CALIBRATION CIRCUIT 
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FIG. 10- REYNOLDS NUMBER FOR EQUILIBRIUM AND FROZEN 
FLOW IN REGIONS 2 AND 5 FOR AIR 
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FIG. 11- REYNOLDS NUMBER FOR FLOW IN REGIONS 2 AND 5 
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FIG.I2- RECOVERY TEMPERATURE RATIO FOR AIR AS A FUNCTION OF FLOW MACH NUMBER 
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FIG . 14- HEAT TRANSFER RATE TO A COLD WIRE IN AIR WITH 
THE INITIAL PRESSURE AS A PARAMETER 
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FIG. 15- HEAT TRANSFER RATE TO A COLD WIRE IN AIR 
WITH THE INITIAL PRESSURE AS A PARAMETER 
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FIG. 16- HEAT TRANSFER RATE TO A COLD WIRE IN AIR 
WITH THE INITIAL PRESSURE AS A PARAMETER 
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FIG. 17- HEAT TRANSFER RATE TO A COLD WIRE IN AIR 
WITH THE INITIAL PRESSURE AS A PARAMETER 
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FIG . 19- DEPENDENCE OF NUSSELT NUMBER ON REYNOLDS NUMBER FOR A COLD WIRE IN AIR 
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COMPARISON OF THIN FILM GAGE AND 
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FIG . 21- DEPENDENCE OF NUSSELT NUMBER ON REYNOLDS NUMBER FOR A COLD WIRE IN ARGON 
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FIG. 22- Tl ME REQUIRED FOR A SHOCK WAVE TO REFLECT 
FROM AN END WALL 
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FIG . 23- RESPONSE TO THE FLOW WITHIN A SHOCK WAVE 
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FIG. 25- EQUILIBRIUM TEMPERATURE OF THE WIRE AS A FUNCTION OF THE WIRE GEOMETRY 
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FIG. 26- EXAMPLE OF THE SUPPORT INFLUENCE ON WIRE RESPONSE 
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FIGURE 27 
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